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Stable Glasses (SGs) are very dense glasses with remarkable thermodynamic and kinetic stability, that
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speed of the solvent front, limited by the relaxation of the medium, gave an indirect estimate of the
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temperatures. The transition from the high temperature SCL, to the low temperature SCL happens within a
narrow range of substrate temperatures, where the kinetics of the films changes drastically by almost to
an order of magnitude. This suggests the existence of a distinct phase that exists in very thin asdeposited films, with a liquid-liquid phase transition, below the glass transition, to the low temperature
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Degree Type
Dissertation

Degree Name
Doctor of Philosophy (PhD)

Graduate Group
Chemistry

First Advisor
Zahra Fakhraai

Subject Categories
Chemistry | Physical Chemistry

This dissertation is available at ScholarlyCommons: https://repository.upenn.edu/edissertations/5354

INVESTIGATING THE THERMAL AND KINETIC STABILITY OF THIN FILMS OF
MOLECULAR GLASSES
Shivajee Govind
A DISSERTATION
in
Chemistry
Presented to the Faculties of the University of Pennsylvania
in
Partial Fulfillment of the Requirements for the
Degree of Doctor of Philosophy
2022
Supervisor of Dissertation

Zahra Fakhraai, Associate Professor of Chemistry

Graduate Group Chairperson

Daniel J. Mindiola, Brush Family Professor of Chemistry

Dissertation Committee
Jessica M. Anna, Associate Professor of Chemistry, Elliman Faculty Fellow
Christopher B. Murray, Richard Perry Professor of Chemistry and Materials Science and
Engineering
Daeyeon Lee, Professor of Chemical and Biomolecular Engineering

ACKNOWLEDGEMENTS
Completing a PhD is a huge challenge, even more so when doing it during a time of blatant
racism, sexism and xenophobia across the country, not to mention the war/violence and a
raging worldwide pandemic. It would have been impossible to accomplish a PhD, and grow
as a researcher, teacher, mentor and individual if it was not for the help, love, support,
mentorship and advice of so many.
I want to start by thanking my advisor and mentor, Zahra Fakhraai. My PhD was my
steepest learning curve and Zahra was always there to guide, inspire and motivate me. I
thought Zahra was a good PI when I started. I was wrong! She is the best PI anyone could
ask for. I know she has done a heck lot more in the background for us (without telling us).
She has astounded me every day of my PhD with the continuous belief she has in us and
our data, even when we don’t trust our data and our own abilities. I don’t think I could
have made it till the end without Zahra’s support, encouragement, and her love for our
group. Zahra has been a role model from day one, as a mentor, scientist, teacher and as an
individual. She sets the standard for what I strive to be one day!
I would like to thank my amazing research group, starting with the stable glass team:
Dr. Aixi (Lexi) Zhang, Dr. Yi Jin, Dr. Sarah Wolf and Dr. Peng Luo. We had quite
a ride together, not to mention the frustrations with the chamber, humidity levels in the
lab, the BNL failed experiments, being homesick or just how our equipment, experiments
or the world seems to crumble apart sometimes. I am very grateful to have worked and
learnt from you all these years. I feel so lucky to have had such reliable colleagues who
turned out to be great friends! I would like to thank all the past and present Fakhraai lab
members who all helped me a lot in the lab and in my personal life. Thank you to Dr.
Richard Stephens, Rosa & Rico Vargas, Dr. Alex Moore, Dr. Ahmad Arabi Shamsabadi,
Dr. Hoanan Wang, Dr. Connor Bulchak, Dr. Subarna Samanta, Daniella Levin, Dr. Hui
Fang, Dr. Leanna Schulte, Yueli Chen, Youngtae Song, Chu-Hsien Tsai, Weidou Wang,

ii

Kritika Jha and Omar Ibrahim. Thank you for training me, teaching me in the lab, keeping
me safe and also allowing me to take a lot of equipment time. Thank you Jocelyn Chin,
who were patient with me when I had one too many projects to dedicate her projects some
more time. She is the best mentee and colleague I could have asked for. Special thank you
to Rico and Rosa Vargas. Our group would not function without you.
I would like to thank my committee: Dr. Jessica Anna, Dr Daeyeon Lee and Dr. Christopher
Murray, for always making time for me and for the very helpful comments and suggestions
these past few years. I would like to thank all the staff and faculty of Penn Chemistry that
runs the department in the background and allows us to do great science, namely Christopher Jeffrey, Judith Currano, Kersten Forsthoefel, Carol Hartranft, Andrei Korchynsky,
Cuong Nguyen, Yvonne Kline and the business office staff, Claire from IT department,
housekeeping staff and the faculty of Penn Chemistry. Thank you to Kristen M. Simon.
You have been my key person to go to on so many occasions because you were just so helpful
and kind to me and all graduate students. I am so grateful that our graduate coordinator
is so awesome!
Teaching has been core to my PhD. Thank you Jenine Maeyer for three great years of
teaching. You helped me become a better teacher, leader and person. I really appreciate
the faith you placed in me. Thank you for being flexible, covering for me and understanding
of graduate students’ busy schedule. I will always be grateful on how much I could depend
on you and your stash of Girl Scouts Cookies. I enjoyed the one year as a CTL fellow and
I have the CTL directors; Cathy Turner and Ian Petrie for your guidance and mentorship
during that time. Last but not least, I learnt a lot from my teachers at Penn and also my
students. Thank you all for being patient, kind and helpful.
We required a lot of custom designed equipment to do research in our lab. I could not have
built a solvent system without the artist; Karen Knoepp-Carraro. Thank you for all the
help, especially when I had an urgent fix. You repaired the broken glassware within a day so
I can get back to my research. Thank you so much for the help! Thank you Harold (Buddy)
iii

Borders for building the different additional parts of the chamber and ellipsometer. Thank
you to J. Reuben Wetherbee and Roberto Mansfield from SAS Computing who made a
wonderful website for the glass molecules that we make.
I had the opportunity to work on multiple projects and collaborate with different researchers
at Penn and other institutions. I would like to thank all my collaborators. Thank you to
Dr. Patrick Walsh & his group, namely Haoqiang Zhang, Gui Gao, Yu Wu (Caroline) who
synthesized glass molecules for us. Thank you Haoqiang for showing me how to run a column
and synthesize organic molecules. Thank you to other groups, including Dr. Daeyeon Lee &
his group, Dr. Robert A. Riggleman & his group, Dr. Russell J. Composto & his group, Dr.
Thomas E. Mallouk & his group for the wonderful discussions about science and for allowing
us to use equipment from your labs. I also enjoyed my time working on CHASE projects.
Thank you for Dr. Paul Maggard & his group at NCSU, and Dr. Karen I. Goldberg & her
group at Penn for synthesizing compounds for us.
At Penn, I would like to thank Kristin Field for always organizing great events and workshops. She has always been amazingly helpful and receptive of the needs of graduate
students. Thank you for ISSS office at Penn, the FGLI office, the CAPS office, Student
Health Service office and all the front line workers who helped us a lot, especially during the
pandemic. I would like to thank my friends from all over the world (in particular those in
Mauritius, Australia, Malaysia, China, UK and the US), my soccer team (The Girl Power)
and my cohort at Penn.
I could not have done this without my partner, significant other and best friend, Melanie.
She has been my rock from the very beginning, always pushing to forward. You have been
so understanding and patient with me, spending so many hours, nights and weekends in
the lab. Thank you so much for the love, unwavering support and help. Last but not least,
I would like to thank my family. My parents and my sister who have always been there for
me, no matter what to love and support me. I can never have done this PhD without you.
Thank you so much. I come from a poor background, from a small coastal village on the
iv

tropical island of Mauritius. I am the first one in my family to complete high school and
going abroad to start and finish my tertiary studies would have been impossible without the
unconditional love and unwavering support of my entire family. I am forever very grateful
to have a huge extended family who loves me and has supported me all the way through. I
love you all so much. Thank you!

v

ABSTRACT
INVESTIGATING THE THERMAL AND KINETIC STABILITY OF THIN FILMS OF
MOLECULAR GLASSES
Shivajee Govind
Zahra Fakhraai
Stable Glasses (SGs) are very dense glasses with remarkable thermodynamic and kinetic
stability, that are made by the process of Physical Vapor Deposition (PVD). These glasses
are made directly into a low-energy state via surface-mediated equilibration (SME), during
PVD. In this work, we are investigating the kinetic and thermodynamic stability of vapordeposited films of N,N’- Bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD) of different
thicknesses and susbtrate temperatures. We produced SGs of bulk (> 200 nm) TPD films
with a broad range of stability and measured the density change of the films, which is a
measure of the thermodynamic stability, upon thermal annealing. To study the kinetics
of as-deposited glasses, we have optimized the process of solvent vapor annealing (SVA).
When the as-deposited films of TPD are solvent annealed with toluene under the right
conditions, a solvent front, analogous to a propagating thermal front, can be produced and
measured by in situ spectroscopic ellipsometry. The speed of the solvent front, limited by
the relaxation of the medium, gave an indirect estimate of the kinetics of the film. For
bulk films of TPD SGs, we observed the strong dependence of the thermodynamic stability
on substrate temperatures. The kinetics of the bulk SG films on the other hand, depend
not only on the substrate temperature but also on other factors such as the birefrigence
of the films and mobility of the solvent front. The thermodynamics and kinetic stability
of as-deposited SG films point towars the existence of two regimes in the formation of the
SGs. In very thin films (< 60 nm), the density of the as-deposited films exceeds that of
the supercooled liquid (SCL) line and follows a new SCL line, at lower temperatures. The
transition from the high temperature SCL, to the low temperature SCL happens within a
vi

narrow range of substrate temperatures, where the kinetics of the films changes drastically
by almost to an order of magnitude. This suggests the existence of a distinct phase that
exists in very thin as-deposited films, with a liquid-liquid phase transition, below the glass
transition, to the low temperature SCL.
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CHAPTER 1 : Introduction
Glasses are a unique class of materials that have the molecular arrangement of one state of
matter (liquids) but with the physical properties of another (solids)[1, 2]. For that reason,
they are arguably one of the most important materials in our daily lives. They are used
as nail polish, windows, candies, drugs[3], optical fibres[4], Organic Light Emitting Diodes
(OLED) screens[5, 6, 7], thin film coatings[8], etc. Glasses are amorphous and therefore
lack long range ordering. However, they are more resistant to impurities and can be easily
doped or molded. This makes glasses very valuable. Pharmaceutical companies exploit
this properties of glass to make therapeutic treatments with several drugs mixed together
in a glassy phase, without the risk of phase separation which is not possible in crystalline
solids. Drugs made in glass form, are also more soluble in the human body[9]. Another
key application of glasses is in fibre optics which connects the entire world via the internet
and allows limitless data transfer a day. These glassy optic fibres are flexible, smooth and
most importantly, do not scatter light because they are homogeneous or defect-free over
a macroscopic scale. For this reason, they are able to transmit light over long distances
without any attenuation or scattering.
OLEDs take advantage of three main properties of glasses. They are homogeneous over a
long range and ensure each pixel on a screen emits the same amount of light. They can be
mixed with other molecules and OLED screens are typically a mixture of a few molecules.
Finally, glasses can be made to have the dipoles of the molecule align in preferred direction,
depending the processing method to the glasses, to allow for maximum emission in OLED
screens. For these reasons and more, glasses are a very important material and the UN
General Council approved of 2022 as the international year of glass[10].
A deep understanding of the properties of glassy materials is therefore very important. In
this work, I will show how to make glasses and the common methods used to investigate
their properties. I will also introduce a new method we developed to study the kinetic
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properties of amorphous systems to gain a better understanding of the underlying physics
governing vapor deposited glass or Stable Glasses (SGs)[11]. These are recently discovered
glasses that exhibit properties of a liquid-quenched glass that have been aged over a very
long time. The later chapters will explore the properties of SGs. The methods developed
in this thesis can help elucidate the science behind the formation of stable glasses.

1.1. Glass Transition
Liquid-quenched (LQ) or conventional glasses are formed by the rapid cooling of a supercooled liquid[12, 13]. Consider the plot of an extensive thermodynamic parameter, such
as enthalphy (H), entropy (S) or volume (V), versus temperature, T (Figure 1.1). When
a liquid is cooled down at a slow rate, the molecules have time to rearrange into a crystal lattice at its melting point, Tm , a first-order phase transition. However, if the liquid
is cooled fast enough, so that the molecules do not have time to rearrange in a lattice,
the melting transition is skipped and the liquid is now in a meta stable supercooled liquid
(SCL) state. Upon further cooling, the molecular relaxation will dramatically slow down,
to a point where they system cannot keep up with the cooling rate, and that is when the
measured property (H, V or S) deviates from the SCL line and the system falls out of equilibrium to form a glass. The temperature at which the glass is formed or where the glassy
line meets the SCL line is called the glass transition temperature, Tg . Given that glasses
are inherently out of equilibrium, Tg depends on the rate of cooling. The nominal Tg of a
material is conventionally measured at a cooling rate of 10 K/min[2, 13].
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Figure 1.1: A schematic graph of a pure phase in its liquid form being cooled down fast
enough such that it skips crystallization at the melting point, Tm to go into a SCL state.
A glass is formed at glass transition temperature, Tg when the supercooled liquid (SCL) is
further cooled. The intersection of the glassy line for an aged glass and the extrapolated
SCL line is called the fictive temperature, Tf . Where the extrapolated SCL meets the
crystalline line is called the Kauzmann temperature, Tk .

The glass transition temperature, Tg typically has a width, which is indicative of dynamic
heterogeneity of the SCL as it falls out of equilibrium from T+ to T− , (not shown in Figure
1.1) to form a glass[14, 15, 16]. T+ is the temperature at which the system starts to deviate
from the linear SCL line as parts of the system start to fall out of equilibrium. T− is the
temperature at which nearly all the molecules have completely fallen out of equilibrium and
the measured macroscopic property (Figure 1.1) start to follow the linear glassy line. The
vitrification of a glass is a kinetic process. A lower energy glass can be made if the cooling
rate of the SCL is slowed down. The conventional cooling rate of 10 K/min empirically
corresponds to an average relaxation time, τ ≈ 100 s [2, 12]. In most organic glasses
3

produced by PVD, ∆Tf = Tf − Tg is typically ≈ 20 K [17], which corresponds to 104 − 106
years in the range of relaxation times present around Tg [18].
1.1.1. Physical Aging
Glasses are out-of-equilibrium systems in a metastable phase and will evolve over time to
reach a lower energy and density state, corresponding to their SCL state (Figure 1.2). This
process is known as physical aging. In previous work from our group, Zhang et al. showed
that a molecular glass (TPD) aged for a week at a temperature of 0.9Tg , had an increase in
density of ≈ 0.35% and a fictive temperature, Tf of Tg − 8 K [19]. Fictive temperature, Tf
is the temperature at which the glass line of the denser, aged glass meets the extrapolated
SCL line (see Figure 1.1). Physical aging is an exponentially slow process. For example,
McKenna et al. measured a 2.1% increase in density of a 20 million year old Dominican
amber glass and a fictive temperature of 43.6 K below the Tg [20]. Even as time reaches
∞, the extensive thermodynamic parameter of the aged glass cannot become lower than
the corresponding SCL line at any given temperature, as aging stops once a system reaches
equilibrium[13, 12]. This is unless another phase exists with a lower energy (for example
the crystal state) and the glass dynamics are fast enough for the system to go through such
a phase transition. In complex fluids, for example, hydrogen bonding systems, sometimes a
liquid-liquid transition occurs, between SCLs with distinctly different local structure[21, 22].
This phenomenon is known as polyamorphism [23, 22]. Polyamorphism is rarely observed
in systems that lack long range interactions, such as small organic molecular glasses. In
these systems, polyamorphism is typically observed at a liquid-liquid transition (LLT) that
is well above Tg , allowing rearrangements from one phase into another [22].
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Figure 1.2: A schematic diagram of the energy landscape of a glass. There are meta stable
basins where the glass can ”hop” given enough energy or time to evolve into a more stable,
lower energy glass. A physically aged glass has lower energy than the LQ glass. Stable
Glasses (see section 1.2) are very low-energy and can only be achieved if vapor deposited
directly into the low energy state

1.2. Stable Glasses
Swallen et al. demonstrated in 2007 that physical vapor deposition (PVD) can produce
glasses with the physical properties similar to those of a glass that has been aged over a
very long time, called Stable Glasses (SGs) [11]. PVD offers an alternative route to accessing low-energy glasses which would have been impossible to achieve via the conventional
fast cooling or physical aging method. PVD is typically performed in ultra-high vacuum,
where molecules are heated and vaporized at a controlled low rate onto a substrate, held at
temperatures below the Tg of the molecule. In this process, glasses bypass the kinetics of
bulk films, and access low energy states through surface-mediated equilibration [11], which
takes advantage of the enhanced surface surface mobility (see section 1.2.2) [24, 25].
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SG films formed are denser, with impressive stability and physical or mechanical properties
[26]. For instance, N,N’-Bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD) is a common
OLED molecule that forms SGs upon PVD. A bulk SG film of TPD, vapor deposited on
a substrate held at a substrate temperature, Tsubs of 0.9Tg yields a glass which is ≈ 1.3%
denser than its LQ counterpart and its fictive temperature, Tf is ≈ 30 K lower than Tg [19].
This corresponds to an estimated aging time of ≈ 106 − 109 years. The values were obtained
based on thermal transformation of SGs, after PVD. A schematic of a typical transformation
curve is shown in Figure 1.3.

Figure 1.3: Schematic of a typical transformation curve for a SG into a LQ glass. The film
is heated until Ton , where the film transforms into a SCL. The temperature is then cooled
down until a LQ glass comes out of equilibrium at Tg . The Tf is the temperature where
the extrapolated SCL line intersects the SG line.

SGs exhibit exceptional thermodynamic and kinetic stability[11]. Heating at Tg is not
enough to transform SGs into a LQ glasses. The SG only transforms at temperatures much
higher than Tg . The temperature at which it starts to transform into a SCL is called
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the onset temperature, Ton (Figure 1.3). For a SG film, a Ton > Tg is evidence of the
high kinetic stability of the film. For example, for bulk TPD films deposited at 0.9Tg ,
Ton = 353 K (Tg + 20 K)[15]. Upon cooling, the LQ glass is formed when it falls out
of equilibrium at Tg . The respective increase in the enthalpy or volume of the film, at
room temperature corresponds to an increased thermodynamic stability of the SG (Figure
1.3). The lower the enthalpy of the SG film at a given temperature, the lower the fictive
temperature, Tf (Figure 1.3) and the higher the thermodynamic stability of the film.
Because of their exceptional stability and mechanical properties, SGs have attracted a
surge of interests over the past decade[27, 28, 29]. Numerous studies have been carried
out to study their thermodynamic stability via measurements of fictive temperature[19],
density[14], and enthalpy[30] while their kinetic stability are measured as a function of Ton
and thermal front velocity[31, 32, 33].
1.2.1. Birefringence
SGs are commonly known to be birefringent, i.e. their refractive index in the xy plane of
the film (nxy ), is different from that in z direction (nz ) which is orthogonal to the plane of
the film. When nxy is higher than nz , this is indicative of the fact that the molecules are
preferably oriented in the xy direction[34, 35]. This is a property of SGs that is essential
in OLED screens[5, 6]. A preferred orientation allows for charge to transfer more efficiently
along the plane of the device to maximize the emission of light[5, 6]. Liu et al. showed
that even a non-polar spherical molecule, with no preferred orientation can be birefringent
upon vapor deposition[34]. This is related to a molecular layering that can occur due to
surface mediated aging during vapor deposition[36]. The SG with a positive birefringence
(nz > nxy ) can either indicate orientation of the molecules in a vertical (z) direction or
layering along the z direction.
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Figure 1.4: Schematic diagram of a film on a silicon substrate. The thickness of the film is
measured along the z direction which is orthogonal to the xy plane.
1.2.2. Formation of SGs by Surface Mediated Equilibration
Surface Mediated Equilibration (SME) is the commonly accepted explanation for the formation of SGs[11, 27]. During the PVD process, molecules that have just arrived at the
surface of the film have a high mobility because of their low activation energy[24, 25]. The
molecules tend to rearrange to the lowest energy conformation before they are buried by
another layer of incoming molecules. Each layer of molecules that arrives at the surface
has a set time frame to get to their lowest energy conformation before they are buried
by the next layer of molecules. This time scale depends on the substrate temperature
(Tsubs )[37, 34, 27, 38, 31, 26, 36] and the deposition rate[39]. A higher deposition rate
means that at low Tsubs , molecules get kinetically trapped more quickly and as a result, the
density of the films drop more quickly as Tsubs decreases.
At high Tsubs , the molecules are highly mobile and have enough energy and time to occupy
multiple states, not necessarily the lowest energy one that is possible, before they are buried
by another layer of molecules. On the other extreme, at low Tsubs , the molecules are not as
mobile and therefore, they do not have enough time to reach equilibrium states before they
get kinetically trapped by a layer of incoming molecules. The two competing processes,
thermodynamic (high-Tsubs ) and kinetic (low-Tsubs ) produce glasses with a peak stability,
8

typically between 0.8−0.9Tg . By adjusting the rate of deposition at a substrate temperature,
the stability of the films can be increased by allowing more time for equilibration of the
molecules at the free surface.
TPD molecules show a strong substrate temperature dependence with the highest density
at 0.85Tg when vapor deposited at a rate of 0.2 nm/s. The lowest energy achievable by the
molecules at a given substrate temperature is one where they are in equilibrium, i.e. the
SCL. So, the density and enthalpy of a PVD glass will try to age towards the corresponding
SCL value. Recent work by Jin et al. has shown PVD films in the ultra-thin state can violate
the limiting value of the SCL to form high density states[14]. For thicknesses < 60 nm, these
properties follow a new extrapolated line, corresponding to a new potential low temperature
SCL (LT-SCL) phase. It was suggested that this happens because of liquid-liquid phase
transition of the system to a high density phase. This is possible because of the high
mobility in thin films[14]. As films of strongly increasing density are formed, indicating
large gradients in mobility that enable access to the low-density or high-density phase. It
remains to be seen as to where this liquid-liquid phase transition occurs and what are the
properties of the LT-SCL phase. A similar phase transition was also observed in vapor
deposition of ethylbenzene[40].
1.2.3. Kinetic Facilitation
LQ glasses typically transform homogeneously throughout the film when heated at Tg or
higher. SGs, however, are so dense that they cannot transform homogeneously within the
bulk of the film, even when heated to temperatures above their Tg [41]. They transform
heterogeneously and only from an interface or the free surface, where the molecules’ activation energy is lower compared to bulk and have a relaxation 4-6 orders of magnitude
faster than the bulk[19]. During the transformation, the transformed layer at the interface,
moves through the film via thermal fronts parallel to the surface (Figure 1.5). This process
is known as kinetic facilitation[31, 42]. The process is limited to thin films only as in thicker
films transformation occurs throughout the bulk over timescales that it takes to transform
the entire film, through nucleation and growth mechanism. This is observed in 1 µm films
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of indomethacin (IMC) SGs[43].

Figure 1.5: Schematic diagram of a SG film thermally annealed. The mobile or transformed
layers are propagating through the film by kinetic facilitation from the interfaces (surface
and substrate layers). The dense SG film starts to transform in a heterogeneous way

The thermal front’s speed, υ depends on the glassy phase and the propagating mobile phase,
by the equation 1.1 [33].

υ = C · τα

(1.1)

The glassy phase is represented in the equation by the pre-factor C and it has little to no
temperature dependence during the transformation process. τ α describes the relaxation
of the mobile phase which has a strong temperature dependence, to some power α, where
0 < α < 1. The estimate of υ gives an idea of the behaviour of the SCL and therefore the
behaviour of the SG that is near equilibrium.
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Thermal fronts was first identified using the technique of Secondary Ion Mass Spectroscopy
(SIMS), a method used to measure the kinetic stability of the SGs[42, 44, 45]. Because of
the cost of running SIMS experiment, alternative methods to monitor and track thermal
fronts during thermal annealing was preferred. Such methods include in situ Spectroscopic
Ellipsometry (SE) and Differential Scanning Calorimetry (DSC). Calorimetry can indirectly
measure the speed of thermal front if one assumes the correct number of propagating fronts
(only one front from the surface or two fronts as shown in Figure 1.5), which can affect
the values obtained for the front’s velocity. In comparison, in situ SE provides a direct
measurement and real-time tracking of the propagating thermal fronts during annealing
process. This method however, can only be used on high density films[31].
To observe the front, a high contrast in the refractive index between the propagating SCL
and glassy phase is necessary to model the film as a two-layer or three-layer model. This is
not always possible, especially in low-density glasses. Therefore, an equivalent comparison
to a LQ glass over the same energy landscape is not always possible. Moreover, the above
techniques involve heating above the Tg and are not as accurate to estimate the kinetics
of a SG if transformation within the bulk can be induced when heated over a long period
of time. Previous work done on thermal fronts have shown that density of the SG films
does not correlate well with the kinetic stability as measured through thermal front at
above Tg [32]. In fact, the slowest front propagation was not observed for the densest glass.
Since the thermal fronts’ speed could not be measured for low-density films, the origin of
this poor correlation between the kinetic and thermal stability cannot be verified. Kinetic
stability studies using propagating fronts could elucidate the possibility of phase transitions
in ultra-thin films observed in recent studies[14]. Thermal fronts, unfortunately, cannot be
observed in ultra-thin films as the transformation process happens too fast to be observed
under SE and the Tg of a thin film can depend on film thickness[15, 46, 47, 48].
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1.3. Open Questions
1.3.1. Kinetic Stability of Bulk SGs
The kinetic stability, unlike the thermodynamic stability of SG films, are not as well understood, primarily due to the limitations in the techniques used in their study. To date,
the kinetics of the SGs have been studied via a few techniques, namely; SIMS[42, 44, 45],
SE measurements of thermal fronts [32, 31] and DSC[33, 30]. These techniques measured
the speed of a thermal propagation front, υ (equation 1.1) that moves across the film via
kinetic facilitation. In all these studies, it was observed that the densest glass, with the
thickness packing did not have the slowest thermal front. So then, what affects the kinetic
stability of SGs? It was hypothesized that the front’s speed depends on the glass phase as
well the mobile phase during the heterogeneous transformation of a SG film[33, 31]. Most
of the studies probed the dependence of the mobile layer on transformation temperature,
as opposed to the pre factor C (equation 1.1) which represents the contribution of the glass
phase in the speed of a propagating front. Moreover, the propagation front could not be
observed for the full range of Tsubs values with SGs of various degrees of stability. If two
regimes for the formation of SGs exist as suggested by Rodriguez-Tinoco et al.[30], it is
unclear how they differ in kinetic and thermal stability and what the difference says about
the nature of these anisotropic glasses.
1.3.2. The Existence of a Phase Transition in Ultra-thin Films
Near the surface of a bulk SG film, the dynamics can have 4-6 orders of magnitude faster
compared to the bulk[19] because of their low activation energy, and a weak-temperature
dependence of relaxation times (Figure 1.6A). As we decrease the thickness of films to
≈ 60 nm, a gradient in the relaxation is observed from the surface, all the way down to
the substrate of a film at temperatures below Tg (Figure 1.6B). This is not related to the
fast surface diffusion which was shown to be decoupled with the relaxation time[24]. As we
near the ultra-thin regime, a sharp decrease in the activation energy is observed for films
of 40 nm or less[18] for LQ films or films vapor deposited at high substrate temperatures
(Tsubs ≈ Tg ). The film behaves as an equilibrium liquid (Figure 1.6C). The surface of the

12

these films are rough as well as the liquid partially dewets during the PVD[14].

Figure 1.6: Schematic diagram of the dynamics in SG films with changing thickness. Bulk
film (A) has a mobile top layer, thinner films (B) have a gradient in the dynamics of the
film and very thin films (C) has a homogeneously fast dynamics across the entire film.

From colder to hotter Tsubs however, ultra-thin films transition into a new phase where
they are much denser, with smooth surfaces[14]. The density changes non-monotonically
from this low density to high density phase and the high-density phase violates the bulk
equilibrium SCL line to form a new SCL line of their own, the HD-SCL. This phenomenon
is explained by a liquid-liquid phase transition occurring in thin films at a specific substrate
temperature range[14]. The kinetics of this transition has not been investigated before and
it is intriguing as to how the thermodynamic and kinetic stability of ultra-thin films can vary
from that of bulk films. It remains an open question as to how does the stability changes
in this phase and what the threshold thickness is where the LL phase transition happens,
or whether this properties change gradually or abruptly. In this thesis, we investigate the
kinetics and thermodynamics of PVD films of different thicknesses, from bulk SGs to ultrathin LT-SCL states. The findings can elucidate the formation of SGs and the role of LT-SCL
phase in these films.

1.4. Summary
In this work, I will discuss the different methods of making and studying SG films in chapter
2. I will focus on TPD, the common OLED molecule as it is a well-studied system that
is also commercially available. I will introduce a new method of solvent vapor annealing
(SVA) with in situ SE in chapter 3 that will be used in chapter 4 to study the kinetic
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stability of SG films accurately over the entire range of substrate temperature. This allows
comparison across SGs of all stability and also with respect to the LQ films on the same
landscape. I will show how SVA can produce solvent fronts, analogous to thermal fronts
and their speed which is limited by the kinetics of the film, can be measured with in situ
SE. This technique can also be tuned to study the kinetics in ultra-thin films, that I will
discuss in chapter 5. The resulting thermodynamic and kinetic stability of the thin SG films
vapor deposited over a wide range of substrate temperature is used a concrete proof of a
the existence of a phase transition in thin films of SGs.
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CHAPTER 2 : General Methods
2.1. Abstract
In this chapter, the general procedures for film preparation and the different characterization
techniques are described in detail. These techniques are employed throughout the different
projects discussed in the following chapters in our goal to answer the research questions
proposed in Chapter 1.

2.2. Physical Vapor Deposition
Stable glass (SG) films were prepared by Physical Vapor Deposition (PVD) onto silicon (100)
substrates (Virginia Semiconductor, Inc.) inside a contamination-free, custom-designed
ultra-high vacuum chamber, with a base pressure of ≈ 10−7 Torr. A detailed set up of
the vacuum chamber and its operations procedure, can be found in our previous work
[14, 24, 49].
2.2.1. Substrate Temperature Control
Inside the vacuum chamber, a rectangular (≈ 6.3 cm × 2.5 cm) wafer of silicon was held
between two copper blocks (Figure 2.1). The temperatures of each block was set and
controlled using PID controllers (Omega Platinum Series microprocessor-based, CN16DPT330). The temperature controllers recorded the temperature of the copper blocks using
a K-type thermocouple (Omega Engineering) attached firmly to the copper block using
screws. A good thermal contact between the two bodies was ensured by using ultra high
vacuum grease Apiezon PFPE 501. The copper blocks were heated using two separate
ceramic heaters (Watlow Ultramic Power Modules) independently connected to their own
respective variable output auto-transformer (Model TDGC2-0.3KVA) and controlled by
their respective PID controller. The copper blocks were constantly cooled using a flow of
liquid nitrogen. The PID controller automatically adjusts the heating rate to maintain the
constant desired substrate temperature. Ultra-high vacuum grease (Apiezon PFPE 501)
was applied between the silicon wafer and the copper block to ensure good thermal contact.
The wafer was also pressed onto the copper block, on both ends, with the help of stainless
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steel binder clips.

Figure 2.1: Schematic of the temperature gradient set up inside the vacuum chamber during
PVD. The silicon wafer is held between two copper blocks, each set at a specific temperature,
in order to generate a gradient of temperature across the wafer. Stainless steel binder clips
were used to press firmly the wafer on the copper blocks. High vacuum grease (not shown)
was used between the wafer and the copper to ensure good thermal contact.

Prior to deposition, the silicon substrate was heated inside the vacuum chamber, under high
vacuum (≈ 10−7 Torr), to 300 K for about 30 minutes to remove any contaminants that
might be present on the surface of the substrate. The temperature of the copper blocks were
then adjusted the desired values, typically below or at the glass transition temperature, Tg
of the molecule used, in order to generate a gradient of substrate temperatures (T-grad)
along the length of the silicon substrate.
2.2.2. Vapor Deposition Process
N,N’-Bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD, 99% purity from Millipore Sigma)
was pre-melted into an alumina crucible (Kurt J. Lesker, EVC1AO) in a vacuum oven
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(≈ 10−5 Torr) at (513 ± 5) K before it was used for vapor deposition. Inside the vacuum
chamber, the pre-melted TPD was vapor deposited onto a silicon (100) substrate (Virginia
Semiconductor, Inc.), held at specific substrate temperatures below or at the glass transition
temperature, Tg of TPD (330 ± 1 K). The deposition rate was controlled by adjusting the
heating rate of the TPD within the alumina crucible. The deposition rate and film thickness
was monitored using a quartz crystal microbalance (QCM, Inficon STM-2), placed close to
the silicon substrate. A shutter was placed between the crucible and the silicon substrate
to control the start and finish of the deposition. When the desired deposition rate was
achieved or the desired thickness was achieved, the shutter was open and closed, respectively.
Once the deposition was complete, the substrate was heated/cooled slowly (≈ 1 K/s) until
ambient temperature was reached.

Figure 2.2: A molecular structure of the molecule N,N’-Bis(3-methylphenyl)-N,N’diphenylbenzidine, more commonly known as TPD.

2.3. Spectroscopic Ellipsometry (SE)
Spectroscopic Ellipsometry (SE) is technique that measures the thickness and optical properties of films over a wide range of wavelengths[50]. SE is a powerful technique as it can
take accurate (down to the few nm) and fast (≈ 1 measurement/s) measurements without
destroying the sample. SE measures the change in polarization of light that occurs as the
light travels through a material (figure 2.3). The change can be in the form of phase difference, ∆ or amplitude ratio, Ψ. This can be represented the ratio of the p and s polarized
light in the equation 2.1 below.
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(2.1)

Figure 2.3: Schematic of Spectroscopic Ellipsometry measurement of a glass film on a silicon
substrate. The incident and reflected rays are at 70o to the normal.

All SE measurements in this work were performed on a M-2000V (J. A. Woollam) spectroscopic model, with focus probes. The results were analyzed and computed using the
CompleteEASE software v6.39 (J. A. Woollam). CompleteEase which is used to fit the
raw measurements, Ψ and ∆ into a model of choice, based on the material’s properties of
the film that is being measured. The parameters that are set or fitted are selected and the
modelled psi and delta are then compared to the measured values at the wavelength range of
the ellipsometer (550-1600 nm). The software will find the right combination of parameters
that has the smallest difference between the theoretical and measured values of Ψ and ∆
(figure 2.5). This difference is recorded as the Mean Square Error (MSE). CompleteEASE
minimizes the MSE in the goal to find the best model that best represents the material
measured.
The lower the MSE represents the better the fit. An acceptable MSE for a 200 nm film
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is ≈< 5. If the MSE is too high, a different model ought to be selected to lower the
MSE as much as possible. The figure 2.4 below shows a flow diagram of how the software
CompleteEase computes the values of thickness or optical constants of a film.

Figure 2.4: The CompleteEASE software computes data from the raw SE measurements.
The data are fed into a model. The parameters to be changed are chosen. The software
will find the right combination to minimize the difference between the raw measurements
and the theoretical values.
2.3.1. Single SE Measurements and Modelling
Single measurements were performed at an angle of 70 ◦ . The raw ellipsometry angles, Ψ(λ)
and ∆(λ) were measured over a wide range of wavelengths (550 nm to 1600 nm). For
measurements in this work, the system was fitted to a three-layer model (figure 2.3). The
bottom layer (Si substrate) and the middle layer (1 nm-thick native silicon oxide layer)
were kept constant throughout the measurements. The third layer represents the TPD film
which was modelled as a Cauchy layer (depicted by equation 5.1).

n(λ) = A +

B
, k(λ) = 0
λ2

(2.2)

Here, n is the real index of refraction. The imaginary index of refraction, k, is 0 because
TPD is transparent in the wavelength range used. Within this layer, the refractive index or
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the values of A and B (in equation 5.1) as well as the thickness of the film, were the fitted
parameters.

δn(λ) = nz − nxy = Az − Axy

(2.3)

The birefringence of the film is equal to δn (Equation 2.3). Liquid-quenched glasses were
fitted to isotropic models (δn = 0 in equation 2.3). SG films and blockcopolymer films
were modelled as anisotropic cauchy films. For anisotropic fitting, the refractive index
were measured independently in both directions (figure 1.4; in the plane of the film (nxy )
and orthogonal to the film (nz ). The best model was selected to represent the materials
properties (Figure 2.5). In general, the roughness of the film was not used as a fitting
parameter since it did not lower the MSE, suggesting that the films were smooth, with a
roughness of < 1nm.

Figure 2.5: Raw spectroscopic ellipsometry data for a 200nm thick liquid-quenched TPD
films. The raw ψ (in red) and ∆ (in blue) values are very close to that of the Cauchy Model
(dotted black), which affirms the accuracy of the model and therefore the thickness and
index measurements.

20

2.3.2. In Situ SE Measurements for thermal annealing
Vapor deposited glasses were thermally annealed and transformed into liquid quenched
glasses (LQs) and in the process, the transformation was monitored in situ using SE with a
data acquisition time of 1 s per measurement. Each sample was placed on a temperaturecontrolled stage (Linkam THM-SEL350V, 77 K to 623 K) and kept in a fixed position using
two stainless steel screws lightly tightened at the edges. Thermal paste (Arctic Silver Ceramic polysynthetic thermal compound) was used to ensure good thermal contact between
the stage and the film. The samples were heated from 298 K to 353 K (Tg + 23) at a rate
of 10 K/min. The films were kept at the supercooled liquid state for 30 minutes before
cooling back to 298 K at a rate of 10 K/min. During the heating and cooling process,
nitrogen gas was continuously purged over the sample to avoid water condensation on the
film during cooling or oxidation of TPD during heating. The temperature of the stage and
hence that of the sample was controlled using a Linkam temperature stage and controller
(Linkam THMS-SEL350V).
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Figure 2.6: The figure shows a thermal transformation of a TPD stable glass film which was
vapor deposited on a Si substrate kept at 296K. The thickness of the film is measured by
in situ SE during the transformation. The film transforms into a supercooled liquid (SCL)
upon heating at 10K/min. The film is kept isothermal into the SCL for about 30 minutes
before cooling it down to room temperature at 10K/min to form a liquid-quenched glass.
The difference in thickness, before and after the transformation, corresponds to the change
in density of the film.

The glass transition temperature, Tg , of the glassy film was defined at the intersection of
two linear fits; one in the glassy regime (from Tg − 30 K to Tg − 25 K) and the other in the
SCL regime (from Tg + 15 K to Tg + 20 K). For the bulk (thickness, h > 200 nm) TPD film
shown in figure 4.1, Tg = 331±1 K which is very close to the reported value in literature[15].
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Figure 2.7: Thermal annealing of a film of TPD SGs, vapor deposited at a temperature of
298 K. The film was heated to 353 K and cooled down to 298 K at a rate of 10 K/min.
The film was kept isothermal at 353 K for 30 minutes. Upon heating, the film transforms
into a supercooled liquid at the onset temperature, Ton . When the film was cooled down,
it comes out of equilibrium at Tg , measured to be 331 K in this plot.

The change in thickness between the SGs and the respective LQs glass measured at room
temperature (298 K) after the thermal transformation, corresponds to the density change.

∆ρ =

ρSG − ρLQ
ρSG

(2.4)

The density change, ∆ρ can be calculated from the density of the SG film, ρSG and that of
the LQ film, ρLQ . Density, ρ is the ratio of mass, m to volume, V . V is the product of the
area of the film, A and the film’s thickness, h. Assuming that the expansion of the film is
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in the z direction only, A and m are constants. Therefore the equation 2.4 can be rewritten
as a function of film thickness of the SG film, hSG and that of the LQ film, hLQ .

∆ρ = (

hLQ
− 1) × 100
hSG

(2.5)

2.3.3. Temperature Gradient Measurements
Unlike the small samples, the temperature gradient sample (T-grad), cannot be readily
transformed on the Linkam temperature-controlled stage as they are too long. The T-grad
samples were cleaved into smaller pieces and transformed on a copper block (2.5” × 2.0” ×
0.5”), placed on top of the Linkam stage. This ensured that the temperature of the entire
sample was uniform during heating and cooling.
For a long strip of SGs (T-grad sample), the 6.4 cm long wafer was cleaved along the x
direction (Figure 2.9) such that there were two identical strips of PVD films. The bottom
half was kept for solvent vapor annleaing experiments (See sections below). The top half,
was cleaved further into two pieces along the y direction; referred to as the ’hot side’ and
a ’cold side’. Each side was then placed on the copper block which was in contact with the
Linkam temperature-controlled stage (Figure 2.8). A thin layer of the thermal grease (Arctic
Silver Ceramic polysynthetic thermal compound) was applied between the wafer-copper and
copper-stage interfaces to ensure good thermal contact. The temperature on the surface
of the copper block was tested to be within ±1 K, as the temperature stage controller, by
using melting point (m.p.) standards 1-heptadecanecarboxylic (m.p. = (343 ± 0.3) K) and
naphthalene (m.p. = (353 ± 0.3) K), purchased from Millipore Sigma and used as is. The
T-grad sample was thermally annealed and transformed into a liquid-quenched glass using
the same procedure as described above.
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Figure 2.8: A schematic diagram of the set up on a temperature-controlled stage, used to
thermally anneal and transform a strip of stable glass films. The T-grad samples was placed
on a copper block (2.5” × 2.0” × 0.5”) which was then placed on the Linkam stage. Thermal
grease was placed between the surfaces to ensure good thermal contact.

Using the CompleteEASE software, different points on the wafer were mapped so that SE
measurements could be performed at specific locations along the T-grad sample before and
after thermal annealing. As shown in figure 2.9, the points along a strip were mapped at
every 0.2 cm along x direction and 0.1 cm along y direction. The measurements were done
at three angles (65 ◦ , 70 ◦ , 75 ◦ ), with data acquisition time of 1s with zone averaging, per
angle and per data point. Prior to the measurement at each point, the ellipsometer was set
to automatically re-align. During the measurements, the temperature was maintained at
298 K. After the measurements of a T-grad, the sample was heated to 353 K (Tg + 23 K),
kept isothermally at 353 K for 15 minutes before cooling back to 298 K. The heating and
cooling ramps were set at 10 K/min. Using the same mapping as before, the transformed
glass was also measured and the data was recorded at the same positions as before. SE
measurements along the y direction for the same x value (Tsubs ), were averaged. The
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thickness of the liquid-quenched or transformed glass and the as-deposited glass at each
Tsubs were used to calculate the relative density change upon transformation.

Figure 2.9: Schematic of an as-deposited film vapor deposited on a substrate with a temperature gradient. The distances are not actual representations. The T-grad film was cleaved
in the middle (along dotted line) after deposition. The top half was thermally annealed
and transformed in a liquid-quenched glass to determine the density change by dilatometry.
The distance between the measurement points were 0.2 cm along the x direction and 0.1 cm
along the y direction. The bottom half was cleaved into smaller pieces (along the dotted
line) to be solvent vapor annealed

2.4. In Situ Solvent Vapor Annealing
Solvent vapor annealing (SVA) measurements were conducted using a custom apparatus
(schematically shown in Figure 2.10) designed to accommodate in situ SE measurements.
Figure 2.10 shows the schematic diagram of the SVA set up. All the equipment and parts
of the SVA system that were subjected to solvent vapor, were built using either glass,
TEFLON, copper, or stainless steel. The pipes were made of hard TEFLON and copper,
with 0.25” internal diameter. The pipes were connected with brass compression fittings,
with double ferrules to ensure there were no gas leaks. TEFLON tape was also applied
along the threading of the fittings to ensure a tight seal. The swelling chamber is customdesigned stainless steel container with two openings, made of Quartz windows (Kodial Glass
Viewports) placed at 70 ◦ angles of incident from the sample location, such that the windows
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were orthogonal to the SE’s incident and reflected beams. The window openings allowed
the incident and reflected ellipsometer beams to pass through.

Figure 2.10: Schematic of the SVA setup. Nitrogen gas along line 1 was sparged into a
bubbler to generate the solvent vapor, which was then diluted with dry nitrogen gas along
line 2, inside the mixing reservoir. Mass flow controllers (MFCs) were used to control the
flow of nitrogen gas along both lines, for the desired solvent vapor pressure. The net flow
was directed to the swelling chamber where the optical properties and thickness of the film
were measured using in situ spectroscopic ellipsometry.

The Mass Flow Controllers (MFC, Aalborg GFC17) along line 1 and line 2 allowed dry
nitrogen gas (ultra high purity, Airgas) of pressure 760 Torr, to flow at a controlled flow
rate in the range of 0-500 mL/min. When taps T1 and T2 were opened, dry nitrogen along
line 1, was sparged in the bubbler, containing the solvent, to produce solvent vapor. The
generated solvent vapor could be diluted if needed inside a mixing reservoir, with a flow of
dry nitrogen along line 2 (Taps T3 and T4 opened). The net solvent vapor pressure was
controlled by varying the flow of the added dry nitrogen along line 2. Solvent vapor pressure
estimation is described in later sections (subsection 2.4.2). The net flow was directed along
line 3 using switch S1 for about 5-10 minutes to allow for the solvent vapor pressure to
stabilize after mixing. The flow was then directed to the swelling chamber, where the
thickness and optical properties of the film were measured in situ with SE upon solvent
uptake. When the annealing process was completed, taps T1 and T2 were closed, allowing
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only dry nitrogen gas to quench the films and to flush the solvent out of the swelling chamber
and into the fume hood. Quenching was done at 500 mL/min for at least 10 minutes.
2.4.1. Solvent Vapor Pressure
Solvent vapor was generated by sparging dry nitrogen gas through a solvent inside a bubbler
(Figure 2.10). As the inert non-reactive nitrogen gas bubbles through the solvent, the
solvent dissolves into the bubbles. Within the bubble, the total pressure is due to the
partial pressure of the solvent and that of the nitrogen gas. As the bubbles reach the
surface, they explode because of their high pressure, thereby producing solvent vapor in
the container. As such, a higher flow rate of the carrier gas (N2 ), Q̇N2 , produces a higher
solvent vapor pressure, Psol . In addition, Psol also depends on other factors, such as the
solvent, the size of the bubbles generated[51], the height the bubbles travel through the
solvent (Hsol ), and temperature[52]. For all measurements in this thesis, temperature was
held constant at (296 ± 1) K. Hsol was also kept constant by maintaining a constant level
of solvent in the bubbler.
The SVA setup was custom-designed to allow for vapor pressure to be tuned down to low
values (< 0.5 of saturation level) of vapor pressure. This was done by choosing larger
bubble sizes or making sure that the opening of the bubbles into the solvent is large. For
this particular bubbler, the opening was set at 0.25” which was deemed large enough based
on the values reported by Mayer et al.[51]. The solvent vapor was further diluted by mixing
the flow of vapor along line 1 (see Figure 2.10) with a flow of dry nitrogen gas along line 2,
inside a mixing reservoir. For measurements of variable vapor pressure, the flow of carrier
gas along line 1 was kept fixed and only the flow along line 2 was varied.
2.4.2. Determining Solvent Vapor Pressure
Solvent vapor pressure was generated by sparging dry nitrogen at a fixed flow rate, Q̇N2
between 100 mL/min to 500 mL/min, into the bubbler (Figure 2.10). Under certain assumptions, the solvent vapor pressure generated can be determined. The first assumption is
that the carrier gas, nitrogen, does not dissolve in the solvent and that one mole of nitrogen
generates 1 mole of toluene vapor. Second it is assumed that the toluene (non-polar) vapor
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and nitrogen, behave as ideal gases at room temperature such that the ratio of the molar
flow rate to pressure is constant. In other words, the ratio of molar flow rate of the solvent,
Ṁsol , to its pressure, Psol is equal to that of the nitrogen carrier gas (equation 2.6).

Ṁsol
ṀN2
=
Psol
PN2

(2.6)

Here ṀN2 is the molar flow rate and ṖN2 is the nitrogen gas pressure. If the total pressure
for the open system is 1 atmosphere (760 Torr), the pressure due to nitrogen gas, PN2 can
be expressed as (760 − Psol )Torr. The relationship between ṀN2 and Ṁsol can be written
as shown below.

Ṁsol
ṀN2
=
Psol
760 − Psol

(2.7)

We now have solvent vapor pressure, Psol as a function of molar flow rate of nitrogen, ṀN2
and toluene, Ṁsol .

Psol =

760 · Ṁsol
ṀN2 + Ṁsol

(2.8)

The flow rate of nitrogen into the system is controlled by the mass flow controller (MFC)
along line 1 in the SVA set up (2.10) and hence, the molar flow rate can be determined as:

ṀN2 =

Q̇1 · ρsol
Mw

(2.9)

ρsol is the density of the solvent and Mw is its molecular weight. To determine the value
of the molar flow rate of toluene, a cold trap was incorporated into the SVA set up (Figure
2.10). Nitrogen was sparged into the bubbler, along line 1, at a fixed flow rate, Q̇N2 for a
period of time t minutes, where t > 120 minutes. The mass of solvent collected, m in this
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time period was measured and used to calculate the molar flow rate as:

Ṁsol =

m
t · Mw

(2.10)

Even at a low flow rate of the carrier gas and low vapor pressure, good and volatile solvent
such as toluene can dewet thin organic films of molecular glasses. To lower the net solvent
vapor pressure, line 1 and line 2 in the SVA set up (Figure 2.10) were allowed to mix before
sending the flow to the swelling chamber. The net pressure (Pnet ) can be quantitatively
calculated as the ratio of the two flow rates.

Pnet =

Q̇1
· Psol
Q̇2

(2.11)

2.4.3. Determining the Window Fitting Parameters
For in situ SE measurements during SVA, the ellipsometer’s incident and reflected beams
travel through two quartz windows of the swelling chamber. To ensure the accuracy of our
measurements, the effect of the windows on the ellipsometer beams were corrected by using
the ’delta offset’ in the Model Options in CompleteEase software. The delta offset, caused
by the windows, were quantified by first measuring the thickness and index of a standard
calibration wafer. A standard wafer is a 25 nm SiO2 layer on a Si substrate. The index and
thickness of the SiO2 film was fitted into a Cauchy model to determine their values. These
values were fixed when another measurements of the same standard calibration wafer was
taken. The delta offset parameters (A, B, C and D) only were fitted this time to determine
their values. Once these parameters were defined (See table 2.4.3), they were kept fixed in
all models that involve in situ SVA measurements.

2.5. Kinetics of Block copolymer Self-Assembly
The SVA set up designed in this project allows for solvent annealing at tunable solvent
vapor pressue and in situ spectroscopic ellipsometry (SE). This is a powerful tool to study
the kinetics of block copolymer (BCP) self-assembly. In situ SE is a fast, accurate (down
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Angle Offset Parameters
A
B
C
D

Values
18.786
-8.119
8.776
-0.362

Table 2.1: Values of the delta offset parameters as a result of the ellipsometer beam going
through two quartz windows
to a few nanometers)and non-destructive method that can measure refractive index and
the optical properties of a film along the plane of a film or orthogonal to it. For BCP
self assembled into lamellar structures, Atomic Force Microscopy (AFM) does not provide
much information as it is a technique that measures only surface topography. SE, on the
other hand, can measure the average birefringence of the films that corresponds to the
self-assembled structures beneath the surface and the extent of it as well. Our previous
work[53], emphasizes the importance of such technique in the study of the kinetics of BCP
self-assembly.
The thermodynamics of the BCP self-assembly has been extensively studied but the kinetics
of the process remains poorly understood and this is primarily due to limitations in the
techniques used. The SVA set up has provided a way to investigate the kinetics of the
self-assembly process. This is shown by the solvent annealing of PS-b-P2VP (48k-b-136k)
with chloroform, using the SVA set up (Figure 2.10)[53]. The change in birefringence (δn
as described in equation 2.3), which corresponds to the extent of self-assembly, in ex situ
measurements agrees well with the in situ SE measurements (Figure 2.11)[53]. With the
in situ SE however, the self-assembly process can be monitored as a function of time and
therefore the kinetics of the process can be studied.
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Figure 2.11: Figure was extracted from the work in [53]. in situ solvent annealing of
a cylinder-forming PS-b-P2VP (48K-b-136K) film under chloroform vapor with a vapor
pressure of ≈110 Torr. A) Film thickness vs. annealing time. The inset schematically
shows swelling and self-assembly. B) Birefringence (δn = nz − nxy ) vs. annealing time
(black line) compared to ex situ annealed films, measured after rapid drying (red circles).
The maximum possible birefringence (∆nmax ) is shown as a grey dashed line.
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2.6. Summary
In this chapter, the main techniques used to make the films were described as well as
the methods to investigate the thermodynamic and kinetic stability of the films. The
SG films of different stability were made by PVD in a high-throughput method and then
thermally annealed to form their LQ counterpart. The density change, a measure of the
thermodynamic stability, can be measured by the corresponding change in thickness of the
film using SE. SE is a powerful tool that is fast, accurate to a few nanometers and nondestructive. A SVA set up, with tunable vapor pressure, was built to solvent vapor anneal
films and measure the thickness and optical properties in situ with SE. The SVA set up
was used to study the kinetics of BCP self-assembly and to investigate the kinetic stability
of SG films in later chapters.
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CHAPTER 3 : Establishing Case II Diffusion Conditions in Molecular Glasses
This chapter is reproduced from a manuscript draft that is being prepared for submission.

3.1. Abstract
In this work, we demonstrate that, diffusion of a solvent in molecular glass films can follow
a case II process which, has only previously been observed in polymeric glasses. We perform
solvent vapor annealing (SVA) in thin films of a molecular glass TPD. We demonstrated
that by increasing the solvent vapor pressure, the transport mechanism of the penetrant
(toluene) into the glass film changed from a fickian to case II process. While at low vapor
pressures, the diffusion of toluene into TPD is driven by the concentration gradient of
the solvent (fickian), at high vapor pressures, the slow relaxation of the glass limits the
solvent diffusion rate, resulting in a high solvent concentration behind a moving front, that
gradually moves across the film at a rate limited by the relaxation of the glass (case II).
Unlike fickian, case II is a two-layer system with a dry glassy layer and a mixed layer
containing the glass and solvent. Between the two layers, is a moving front. Using in situ
spectroscopic ellipsometry, we measured the speed of the moving solvent front, which is
indirectly tied to the molecular relaxation of the glass, as well as the viscosity behind the
front which is controlled through solvent vapor pressure. The demonstration of case II in a
molecular glass film is purely kinetic in nature and thus can be used to estimate the kinetic
properties of a glass below its glass transition temperature which otherwise is difficult to
measure.

3.2. Introduction
Liquid-quenched (LQ) glasses are made by cooling a liquid faster than it can crystallize, until
the supercooled liquid (SCL) falls out of equilibrium at its glass transition (Tg ). Glasses
are out-of-equilibrium systems that share many the physical properties of solids, while their
molecular packing resembles that of a liquid. This makes them a special class of materials
with a wide range of applications. In particular amorphous molecular glasses are widely
used in pharmaceutical industries[3], organic electronics [5, 6, 7], surface coatings[8] and
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other similar applications. For these reasons, they are well studied glasses.
In the pharmaceutical industry, molecular glasses are key components of drug processing and
drug delivery phase[3]. Producing drugs in glassy states have numerous advantages. Amorphous materials can be doped or mixed with other molecules, unlike the crystalline counterpart. In glassy phase, multiple drug molecules can also be mixed together for therapeutic
treatments without the risk of phase separations. The second and most important advantage
is the higher solubility of drugs made in a glassy phase. Administering drugs orally is the
most common way to treat a patient because it is cheap and convenient for the consumers
and the manufacturer. However, a common problem that pharmaceutical companies face,
is the solubility of drug molecules [54, 3]. Handcock et al. that showed that drug molecules
in their glassy state are more soluble than when they are in their crystalline form[9]. It
is therefore essential to understand the diffusion of small molecules into a glassy medium.
Extensive studies have been done on the diffusion of small penetrants in amorphous films
for the past couple of decades, dating back since the 1940s[55, 56, 57, 58, 59, 60, 57]. One
of the earliest works by Crank and Park experimentally investigated the diffusion of small
molecules in polymer matrices[61, 57]. Crank later theorized and quantified the two main
diffusion processes; concentration-driven (fickian) and relaxation-dependent (case II)[60].
Those two processes can be simplified into an empirical equation of solvent uptake.

Mt
∝ tm
M∞

(3.1)

The ratio of mass of solvent uptake at a given time t (Mt ) to total mass uptake at time ∞
(M∞ ) is proportional to time, t to the power of a constant m. Equation 3.7 define both
processes (Fickian and Case II) based on the value of m[62, 63, 64, 58]. For a concentrationdriven process, commonly known as fickian process (case I), the total uptake of solvent
is proportional to the square root of time (m = 0.5), whereas for a relaxation-dependent
process or case II, the solvent uptake varies linearly with time (m = 1). In a fickian process,

35

the pressure of the solvent (penetrant) is low enough such that it diffuses slowly across the
film, at a rate slower than the molecular relaxation of the medium. The solvent moves
across as a concentration gradient, without changing the packing of the medium. Case
II, on the other hand, happens when the pressure of the solvent is high and the solvent
particles move across at a higher rate than the relaxation of the medium. The solvent
cannot move until the medium relaxes which result in a boundary formed that is limited by
the medium’s relaxation. The film is divided into a swollen part (containing the solvent)
and a dry part, with a moving boundary in between, the speed of which depends on the
medium’s relaxation in addition to the solvent’s activity[65].
Studies of diffusion into amorphous systems focus primarily on polymeric system. Limited
studies look at the diffusion into small molecular glasses, with only fickian diffusion type
being reported in literature[66, 43, 67]. Case II processes were reported in polymeric systems
only but not in small molecular glasses. Suhana et al. studied the effect of ageing on the
water absortion in films of amorphous anhydrous trehalose [66]. Even a film of trehalose
glass, aged for up to 120 hours, did not a molecular relaxation slower than the activity of
the water in order to achieve case II. Dawson et al. investigated the water uptake of dense
glasses of indomethacin. While molecular relaxations are drastically slower in dense stable
glasses of indomethacin, the activity of the water was not high enough to penetrate the bulk
of the films[43]. Instead minimal swelling was observed at the surface which was fickian in
nature.
In order to further investigate kinetics of diffusion in small molecular glass, we are solvent
vapor annealing LQ films of TPD with toluene. Solvent Vapor Annealing (SVA) is a process
that has been extensively used to induce long range order or self-assembly in amorphous
block copolymer (BCP) films at low temperatures[68]. Compared to thermal annealing,
solvent annealing is a milder process and, equilibrium structures or long range ordering can
be reached more quickly without heating to high temperatures or running the risk of thermal
degradation[69]. The process of solvent annealing is also more tunable and depending on
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the choice of solvents with respect to the polymer segments, it can be a more selective
process.
SVA have been used with Ex Situ and in situ measurements. For ex situ measurements,
the films are placed in a container or ”jar” containing solvent vapor at saturation level for a
period of time to allow to structural reordering. On the other hand, dynamic SVA comprise
of a continuous flow of the solvent vapor over the film sample. [70]. In dynamic SVA, the
solvent vapor pressure can be adjusted or lowered. It is a powerful technique and with in situ
spectroscopic measurements, it has been widely used to investigate the chemical or physical
resistivity of coatings, diffusion of penetrates in membranes, transition regions in films[71]
and the kinetics of amorphous thin films[72, 73]. In this work, a custom-built SVA system
was built for dynamic SVA with in situ spectroscopic ellipsometry (SE) measurements. It
was modelled after the set up built in work of Hoang[74]. The SVA set up has tunable
vapor pressure capabilities to investigate the effect of solvent vapor pressure as well as the
effect of different solvents on the swelling of molecular glass films. The SVA set up has in
situ spectroscopic ellipsometry (SE) capabilities to measure the diffusion of the penetrant
into the films. SE is a non-destructive technique that measures quickly (1 measurement/s)
and accurately the thickness and optical properties of the film. It is also easy to model
the solvent uptake process using the SE software package CompleteEASE. We believe that
the right conditions must be met in order to achieve fickian or case II in molecular glasses.
Using the SVA set up, we were able to produce the right conditions to generate a fickian
process as well as a case II process. In this work, we elucidate the challenges of acheiving
case II in molecular glasses and how this technique can be extended to study the kinetics
of molecular glasses below their glass transition temperature.

3.3. Methods
3.3.1. Film Preparation
The glass films were prepared by thermally transforming a Stable Glass (SG) film, made
by Physical Vapor Deposition (PVD), into an LQ glass (See Section 2.2). N,N’-Bis(3methylphenyl)-N,N’-diphenylbenzidine (TPD, 99% purity, Millipore Sigma) was vapor de37

posited onto a silicon (100) substrate (Virginia Semiconductor, Inc.), held at room temperature.

The deposition was performed at a rate of 0.02 nm/s, under high vacuum

(≈ 10−7 Torr). The as-deposited films were then thermally transformed by heating to
353 K and cooled down to 298 K at a rate of 10 K/min on a temperature-controlled stage
(Linkam THM-SEL350V stage). During the transformation, the films were kept in the SCL
at a temperature of 353 K for 30 minutes to ensure all history was erased.
During transformation, the thickness and optical properties of these films were measured
in situ using spectroscopic ellipsometery (SE, J. A. Woollam, M-2000V) at a 70 ◦ incident
angle (more details in section 2.2). The glass transition temperature (Tg ) of TPD was
measured upon cooling to be Tg = 330 ± 1 K, as shown in Figure 4.1. Vapor-deposition
along with controlled thermal transformation, ensures that all films used in this study have
similar initial thicknesses and consistent thermal history. The bulk TPD films used in this
work were ≈ 200 nm thick.
3.3.2. Choice of Solvent
Choosing the right solvent is critical for the solvent annealing process. A good solvent
allows for good mixing with the medium thereby avoiding crystallization of the latter. A
good solvent is one with a negative χ parameter of mixing that allows for a favorable energy
of mixing (F̄mix < 0) according to Hildebrand in the regular solution theory (3.2)[75].

∆F̄mix = kT [ϕlnϕ + (1 − ϕ)ln(1 − ϕ) + χϕ(1 − ϕ)]

(3.2)

The solvent also has to be volatile, in order to be able to generate the solvent’s vapor upon
sparging (see section 2.4.1). The solvent must also have a refractive index different enough
from the medium. The contrasting refractive index of the medium and the penetrant, makes
it easier to model the transport process of the penetrant within the film using SE. In this
work, Toluene matches the above three criteria. It is a volatile solvent, with a saturation
vapor pressure of 29 Torr at 296 K. The χ parameter of mixing for the two compounds could
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not be experimentally determined or verified in literature. However, toluene dissolves TPD
easily, suggesting that the mixture has a favorable χ parameter of mixing. The refractive
index of toluene and TPD differs significantly as shown in table 3.3.2. Therefore toluene
(99 % purity, Alfa Aesar) was used as purchased for solvent annealing of thin glassy films
of TPD.
Sample
TPD film
Toluene solvent

Refractive index
1.716
1.497

Table 3.1: Refractive indices of toluene liquid and a 200 nm TPD film measured at λ =
632.8nm and at room temperature, 295 K. Index of toluene was taken from the CRC
Handbook of Chemistry and Physics[76].
3.3.3. Solvent Vapor Annealing
Within 15 minutes of thermal annealing, the LQ films of TPD were immediately solvent
vapor annealed with toluene vapor at different solvent vapor pressure, at room temperature
(296 K). The temperature was not regulated but fluctuations were less than half a degree
which did not affect the vapor pressure enough to cause any significant change in the
annealing process. The flow of nitrogen saturated with solvent, along line 1 (Figure 1), was
kept at 200 mL/min and was mixed with a flow of dry nitrogen along line 2 to decrease the
net solvent vapor pressure. By carefully varying the flow along line 2, from 50 mL/min to
500 mL/min, the net solvent vapor pressure changed from (6 to 11) Torr (see section 2.4).
3.3.4. In Situ Spectroscopic Ellipsometry
The details for SE measurements can be found in section 2.4. The films were measured
before the SVA process to determine the thickness and index of a dry LQTPD film. The SE
data were fitted into a three layers; the silicon substrate, a 1 nm native oxide layer of silicon
and an isotropic Cauchy layer of the TPD film. In situ SE measurements were recorded at
a fixed angle 70o , and for every 1 s with zone averaging. The Cauchy index parameters for
the TPD layer, A and B (from equation 5.1), and the thickness were fitted and allowed to
change during in situ measurements. The remaining parameters were kept fixed.
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3.4. Results
3.4.1. Equations of Uptake
The uptake of toluene solvent by the TPD films was observed as an increase in thickness of
the film, measured by in situ SE. From equation 3.3, changes in the net mass of the film,
∆m is equal to product of the density of the toluene, ρtol and changes in volume of the film,
∆V .

∆m = ρtol · ∆V = ρtol · (∆h · A)

(3.3)

Here, we are assuming the change in volume of the film is equal to that of the toluene
diffused into the film. Since area of the film, A, is constant, the change in mass of the film
due to the uptake of toluene, corresponds to the change in thickness of the film as shown
in equation below.

∆m ∝ ∆h

(3.4)

The relative percentage of toluene in a solvent annealed with respect to TPD, can be
found by doing the Effective Medium Approximation (EMA) calculation. See SI for more
information. During the solvent annealing process, the thickness of the TPD films at time
t, ht was monitored and the change in thickness at any time t, ∆ht was calculated by
subtracting the initial thickness, ho from ht as shown in equation 3.5.

∆ht = ht − ho

(3.5)

When the film has reached equilibrium at time t∞ , the maximum uptake of solvent has
been achieved. The maximum change in thickness, ∆h∞ , is obtained by subtracting the
initial thickness, ho from h∞ , thickness at time t∞ (Equation 3.6).
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∆h∞ = h∞ − ho

(3.6)

The uptake of solvent can be described by the empirical equation 3.7, a simplified equation
used for diffusion of small penetrants in a polymer matrick, first coined by Peppas et al. in
1985[58].

Mt
∝ tm
M∞

(3.7)

Since mass uptake corresponds to the change in thickness, as described previously in equation , equation 3.7 can be rewritten as a function of thickness change as shown in equation
4.2.

∆ht
∝ tm
∆h∞

(3.8)

3.4.2. Determining the value of m
Figure 3.1 shows a typical swelling curve for a film solvent annealed at a pressure of 6.5 Torr
of Toluene. The thickness increases non-linearly with time until t > 5500 s. At that point,
it can be assumed that equilibrium has been reached since the thickness does not increase
any further. Based on the shape of the curve, it can also be assumed that the value of m
(equation 3.7) is less than 1. To obtain the exact value of m, the gradient of the logarithmic
plot of

∆ht
∆h∞

(equation 4.2) versus time, was calculated. The values of

∆ht
∆h∞

can be obtained

using equations 3.5 to 3.6. Since the swelling did not start at exactly time t = 0 s, the
plot of

∆ht
∆h∞

versus t − to was plotted instead. to is the exact time that the swelling process

started. That way, the offset in time was taken into account such that the value of m can
be accurately determined from the gradient. For the swelling in figure 3.1, m was found to
be equal to 0.7.
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Figure 3.1: Solvent vapor annealing of a 200 nm LQ TPD film with toluene at a vapor
pressure of 6.5 Torr. The plot of thickness versus time is based on a 1-layer cauchy model.
At time t > 6000 s, the thickness does not increase significantly, indicating that equilibrium
has been reached.
3.4.3. Changing the Transport Process in Thin Films
The bulk LQ films of TPD was solvent annealed with toluene at various solvent vapor
pressure. The uptake of solvent was depicted as a logarithmic plot of

∆ht
∆h∞

(equation 4.2)

over time (Figure 3.2). As the solvent pressure increases, the gradual increase of the slope,
which is equivalent to m (Equation4.2), from ≈ 0.5 to 1, shows a change in the mechanism
by which the solvent penetrates the film. In other words, the transport process changed
from fickian to case II. The change was not distinct but gradual, suggesting that a mix of
the two processes might be happening at the same time for values of m between 0.5 and
1. Equation 3.9 can be used to represent both processes happening simultaneously, with a
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and b being constants.

Mt
∝ a · t1/2 + b · t1
M∞

(3.9)

Previous work in polymeric systems have reported a mixture of the two processes as described by the Equation 3.9[77, 56]. For

a
b

> 1, the fickian process dominates and the

solvent moves primarily as a concentration gradient through the film. For this work, the
values and a and b were not determined. Instead the slopes of the curves in Figure 3.2 were
used to determine the transport process in the films.

Figure 3.2: Thin films of LQ TPD solvent vapor annealed with Toluene at different vapor
pressures. The uptake process changes from a linear to non-linear dependence with time as
solvent vapor pressure was decreased, suggesting a change in the transport process.
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The different values of m were calculated from the gradient of the plots in figure 3.2 and
plotted as a function of solvent vapor pressure (figure 3.3). The values of m increased from
0.7 to 1.2, as the solvent vapor pressure was increased. This shows a change in the type
transport process of the penentrant across the film. For m > 1, the process is known as
Super Case II [55, 59] which is not discussed in this work. For m = 1.0 (Psol = 7.6 Torr),
the transport process is case II, in which case, the solvent moves through the film as a front
separating a dry layer and a swollen layer. The film is therefore not homogeneous and a
one-layer model to fit the thickness is not accurate. Fitting a two-layer model is discussed
in the next subsection.

Figure 3.3: The plot shows the value of the exponent m in equation 4.2 changing with
solvent vapor pressure for the solvent annealing of bulk LQ TPD films. For m ≈ 0.5,
the diffusion process is fickian or concentration dependent. At higher vapor pressure, the
transport process changes to case II (m = 1.0). For 0.5 < m < 1.0, a mix of fickian and
case II process are happening. Values of m exceeding 1 represents Super Case II processes
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For the high solvent vapor pressure (Psol > 6.5 Torr), one linear fit was accurate to fit the
data throughout the entire swelling. A graded-layer model did not provide a lower MSE
than a one-layer model for the film. We assumed that the sensitivity of SE was not good
enough to pick up on the small difference in concentration of toluene across the film at such
low vapor pressure. For low vapor pressure value (Psol = 6.5 Torr), a transition is observed
at time t − to = 30 s or t = 90 s. This corresponds to an increase in thickness, ∆h of
≈ 2 nm. This can be associated with the free surface of the film[78, 25, 24, 79, 80]. This
agrees with the swelling at much lower vapor pressure where the bulk LQ films do not swell
but instead, only ¡1 nm increase in film thickness was observed. In order to investigate this,
the total solvent uptake was plotted as a function of solvent vapor pressure.

Figure 3.4: The total solvent uptake increases with solvent vapor pressure. The linear fit
does not start from origin, suggesting that to swell the 200 nm LQ TPD films, a threshold
vapor pressure of 3.6 Torr is required
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The total uptake of solvent was also observed to follow a linear trend with solvent vapor
pressure (figure 3.4), with a threshold at Psol = 3.6 Torr. As vapor pressure increases,
the total uptake increases. This suggests that for higher vapor pressure, structural change
occurs as the front moves through the film. The molecules have more mobility as the solvent
front moves through the film. At the lower end of the vapor pressure, it was observed that for
a 200 nm LQ film, a minimum of 3.6 Torr vapor pressure of toluene is required to penetrate
the film. This measurement was repeated for other thicknesses (figure 3.5). To be able to
do a fair comparison, the total uptake was normalized by the initial thickness of the film.
The total solvent uptake increases linearly with solvent vapor pressure for thinner films as
well, down to 34 nm films. For thinner films, the threshold vapor pressure to anneal the
film increases as the effect of the free surface becomes more significant with respect to the
bulk films. Solvent penetrates the free surface more easily, which explains why at extremely
low vapor pressure, the observed increase in thickness upon solvent annealing was less than
2 nm.

46

Figure 3.5: Total solvent uptake increases linearly with solvent vapor pressure for the
different film thicknesses. The threshold for solvent uptake however decreases with film
thickness.
3.4.4. Modelling Case II process
A case II transport process comprises a dry layer, a swollen layer with solvent and between
the two, is a solvent front moving across the film (Figure 4.4). When the LQ film of TPD
was solvent annealed at a vapor pressure of 7.6 Torr of Toluene, the process by which the
solvent penetrates the film was case II, based on the value of m obtained experimentally.
Using the software CompleteEASE v6.39(by J. A. Woollam), the raw ellipsometry data was
interpreted and modelled in a two-layer model for case II diffusion processes (figure 4.4).
The index of refraction of the dry glass phase and the swollen or solvent annealed layer was
measured at the beginning of the solvent annealing process and at equilibrium or at time
t∞ respectively. By keeping the indices of the swollen and dry layer fixed (see table 4.7.1 in
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Supplemental Information, SI section 3.8), the thickness of the solvent front was allowed to
change when fitting the solvent annealing process. In doing so, the thickness of the swollen
layer (TPD glass + toluene) and the dry layer (TPD glass only) was obtained as a function
of time (figure 4.5). The gradient of the increase in the swollen layer thickness with time
gives the speed of the solvent front. Hence, the motion of the solvent front moving across
the film can be monitored in situ at room temperature (below the Tg of TPD film).

Figure 3.6: Schematics depicting the motion of the propagating solvent front during an
annealing process analogous to a case II process.The solvent, toluene, penetrates from the
top and moves across the film by different mechanism.

Mean Square Error (MSE) is a direct estimate of how good the model is for fitting the
solvent vapor annealing process. It compares the raw ellipsometry measurement data, ψ
and ∆ to the model to which it is being fitted over the full range of wavelength measurement.
The MSE for the SVA process is significantly lowered when a two-layer model was used to
fit the process instead of a one-layer model. The lower MSE of the ellipsometry fitting gives
us confidence in our two-layer model in addition to the value of m = 1. This supports our
claim that the diffusion process is indeed case II.
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Figure 3.7: The one-layer model (in red) has a higher Mean Square Error overall compared
to the two-layer model

The total thickness of the films in the annealing process then is the sum of the swollen layer
(TPD in toluene) and the dry glassy TPD layer for a two-layer model. Compared to the
one-layer model, the values differ slightly as seen in the SI.
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Figure 3.8: Modelling the motion of the solvent front for a Case II process, using spectroscopic ellipsometry. The dry layer (blue circles) is linearly decreasing with time, as the
swollen layer (green squares) increases with time. The total thickness (black triangle) is the
sum of the swollen and dry layer. The speed of the solvent front propagating through film
is the gradient of the increase in swollen layer.

3.5. Discussions
Case II processes are common in amorphous films annealed with solvents, primarily in
polymeric glasses but it was never reported in thin molecular glasses. This is because it is
easier to achieve a case II process in a polymeric systems when the film is exposed to high
solvent concentrations or saturation vapor pressure, without dewetting the system. The
entanglement of a polymeric system makes it harder to dewet the glass even at high solvent
concentration. However, when a thin film (≈ 200 nm) of TPD was exposed to toluene at
its saturation vapor pressure (≈ 22 Torr), the film was completely dewetted within a few

50

seconds. Toluene is a good solvent and it mixed well with TPD, thereby dewetting the
film when the solvent concentration was too high. Using a bad solvent on the other hand,
such as n-hexane, the film did not dewet, even at high solvent vapor pressure but instead
crystallization of the TPD was observed. A bad solvent did not have favorable interaction
with the TPD. The TPD, being more mobile in solvent-glass mixture during the process,
tend to crystallize, rather than to interact with the solvent (Figure 3.11 in SI). While the
glass appears to swell linearly with time based on the SE results, the data was deemed
inaccurate because crystals of TPD was seen on the surface. More information can be
found in the SI. In this work, case II was achieved because the SVA was designed in order
to be able to finely tune the solvent vapor pressure and increase it up to a point where
the activity of the penetrant was higher than the molecular relaxation of the system. It is
important to note that no crystals were observed under the microscope or AFM when a good
solvent like toluene was used to solvent anneal the TPD films. The favorable interaction
between the solvent and TPD allowed for good mixing during the annealing process and
the swelling to equilibrium was observed without dewetting or crystallization as long as the
solvent vapor pressure was not too elevated.
Figure 3.2 shows the effect of increasing the activity on the change in the transport mechanism of the toluene across the TPD films. At lower vapor pressure, Psol = 6.5 Torr,
the activity of the toluene particles were slower than the molecular relaxation of the TPD
molecules and we observed a fickian diffusion process based on the value of m in equation
4.2 being closer to 0.5. If for 200 nm films, bulk swelling of the film by the solvent occurred as from the threshold pressure of Psol = 3.5 Torr 3.4, it can be assumed that the
transport process for 3.5 < Psol /Torr< 6.5 was predominantly fickian in nature. For lower
vapor pressure value (Psol = 6.5 Torr), a transition was observed at time t − to = 30 s
or t = 90 s. This corresponds to an increase in thickness, ∆h of ≈ 2 nm. This can be
associated with the free surface of the film with a more mobile layer and therefore smaller
relaxation time[78, 25, 24, 79, 80]. In thinner films, the effect of the free surface was more
significant with respect to the bulk and as a result, we observed the threshold pressure for
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solvent anneal decreases as we go to thinner films3.5. It is an indirect proof of the free
surface in molecular glasses that can be seen via the solvent annealing process.
For the 200 nm LQ films, as we increased the activity of the penetrant, its relative speed
increased to a point where it is faster than the molecular relaxation of the medium. The
motion of the penetrant is limited by the relaxation of the medium and as such, cannot move
further into the film. At Psol = 7.6 Torr The transport process is predominantly case II.
The value of m in the empirical equation 4.2 is equal to one. Moreover, a two-layer model of
the in situ SE measurements has significantly lower MSE over the entire wavelength range
(4.6, confirming that this is indeed a case II process. It was achieved because of the relative
speed of the penetrant with respect to the molecular relaxation. This suggests that it is a
purely kinetic process. This is the first reported case II diffusion process in molecular glass
and it was achieved under the right conditions, i.e. a good solvent and at a specific solvent
vapor pressure. Previous work from Dawson et al.[43] and Surana et al.[66] only observed
fickian processes because water is not very volatile and its activity was not higher than that
of the glassy system they were using.
For the swelling at Psol = 7.6, the diffusion process was case II. The two-layer model was
successfully modelled by the CompleteEASE software to observe the solvent front moving
across the film. This was possible because of the big contrast in the index of the swollen
layer, containing toluene and the dry TPD layer and the fast measurements capabilities of
in situ SE. It is crucial to choose a solvent with an index different from the medium.
Since this was purely a kinetic process, it can be used as an indirect method to measure
the molecular relaxation of the glass below the glass transition temperature. Windle[65]
hypothesized the rate of uptake of solvent being proportional to the pressure, P and inversely
proportional to viscosity of a polymer system, η at constant temperature, T .

P ×T
∂∆h
∝
∂t
η
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(3.10)

The net uptake of the films increased linearly with vapor pressure (figure 3.4), confirming
the pressure dependence of the annealing process. For a thin films of small molecular glass
annealed at the same vapor pressure, the rate of solvent uptake is proportional to the 1/η.
Since this is a molecular glass, without entanglement, we can assume that τ ∝ η. Therefore,
for SE measurements data, the speed of the solvent front, ν is proportional to the rate of
uptake and to 1/τ .

ν∝

1
τ

(3.11)

The relative molecular relaxation of different glasses can be compared using the technique
of SVA at constant vapor pressure. Since it is a kinetically driven process, it is a powerful
technique to measure kinetics of glasses below their Tg , which otherwise would have been
difficult to do. Kinetic studies of glasses are done via thermal methods, where the glass is
heated at temperatures above its Tg [32, 31, 30] to observe the motion of a thermal front.
This method is limited to dense glasses only and the relative kinetics cannot be compared
over the same landscape as a LQ glass. Moreover, the solvent front measurement is a more
accurate technique because of the high contrast between the mobile and dry layer. It is
easier to model and can be tuned for very thin films as well. Thermal techniques are almost
impossible to model in very thin films because the process is too quick.

3.6. Summary and Conclusions
In this work, we described a custom-built solvent vapor annealing system that was used
to solvent anneal glassy thin films of small organic molecules using a good solvent and
monitored the process using in situ spectroscopic ellipsometry. Using the SVA set up, we
have shown that the mechanism by which the solvent penetrates the films can be changed
from fickian to case II process by finely increasing the solvent’s activity or the solvent vapor
pressure. This shows that is a purely kinetically driven process. It is the first reported case
II in small molecular glass and this article highlights the importance of using a good solvent
at a suitable vapor pressure, to achieve it. We have shown that SE is a powerful technique
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which can be used to successfully model the case II process as a two-layer model, with a
moving solvent front, the speed of which can be determined. Since case II is relaxationdependent in this kinetically driven process, the technique of solvent vapor annealing can
be used as a method to study molecular relaxation of glassy films with a wide range of
stability, in an analogous way to thermal fronts.

3.7. Future Work
Pressure dependent measurements can be carried out using the SVA set up by changing
the solvent vapor pressure. The temperature dependence measurements cannot be determined with the current set up. A new stage, with temperature controlled abilities can be
used to change the temperature of the film during solvent annealing. The bottom part
of the stage (shown in figure 3.9) is made of stainless steel and the outlets are sealed by
TEFLON O-rings. The sample is heated on a copper block, im which is imbedded a heating source (Watlow ultramic heater, Power Modules) and a thermocouple (K-type, Omega).
TEFLON based thermal grease (Apiezon PFPE50) can be used to ensure good thermal contact between the copper block and the film, heater and thermocouple. The ceramic heater is
connected to variable output auto-transformer (Model TDGC2-0.3KVA) which is controlled
by a PID controller. The temperature can be set on the PID controller and based on the
reading from the thermocouple, the sample can be heated to the desired temperature.
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Figure 3.9: Temperature control stage for SVA process. The film, placed on the copper
block, can be heated by a heating element embedded in the copper. The temperature is
measured by a K-type thermocouple. The temperature can also be liquid cooled.

3.8. Supporting Information
3.8.1. Effective Medium Approximation Calculation
The percentage of toluene within the TPD films were determined by using an Effective
Medium Approximation (EMA)[50] on the CompleteEASE (v5.39 by J. A. Woollam). This
calculation method can be used to estimate the percentage of two materials mixed together
based on the index of the each material prior to mixing. For the EMA calculation, a
Bruggeman analysis method was used and, toluene and TPD were fitted as transparent,
non-absorbing Cauchy fits) materials. The index of both materials (toluene and TPD) were
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kept fixed using the values in table 4.7.1. The total thickness and the percentage of toluene
was allowed to change.

Figure 3.10: The Effective Medium Approximation (EMA) calculation shows the total
amount of toluene present in the TPD films at equilibrium after being full solvent annealed.
The amount of toluene increases with solvent vapor pressure.

The amount of toluene inside the TPD films at equilibrium, after the films have been fully
solvent annealed, was calculated with the EMA and plotted as a function of solvent vapor
pressure. The amount of toluene inside the films increases linearly with vapor pressure.
At higher vapor pressure, it is fair to assume that the TPD molecules are more mobile
as the amount of solvent is higher. This leads to orientation and packing changes in the
TPD films, which happens mainly after a relaxation-dependent or case II diffusion process
(Psol > 7.6 Torr). Based on the EMA calculation, the amount of toluene in the TPD
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samples at equilibrium (t = ∞) increases with solvent vapor pressure. This suggests that in
the films annealed at higher pressure the molecules are more mobile. In other words, case
II process changes the packing of the system as it forces molecular relaxation.
3.8.2. SVA with n-hexane
The TPD crystals do not dissolve as easily in n-hexane (HPLC grade, 95+% purity from
Fisher Scientific) as it does in toluene. The χ parameter of mixing for the TPD and nhexane is not as favorable as it is for TPD and toluene. When TPD films were solvent
vapor annealed with n-hexane, the TPD was observed to crystallize on the surface (figure
3.11). X-Ray measurements for the bulk film was not measured to see if crystallization
was throughout the bulk of the same as well. Crystallization on the surface suggests that
scattering of light occurs during SE measurements, rending the technique inaccurate.

Figure 3.11: Microscope image of LQ TPD films after solvent vapor annealing with nHexane (left) and Toluene (right). The image is 20x actual size and the scale bar is 50 µ.
The film annealed with n-Hexane showed signs of crystallization all throughout the films
but the one annealed with toluene did not.
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CHAPTER 4 : Investigating the Kinetics of Stable Glasses
4.1. Abstract
Stable glasses (SG) are highly dense glasses with remarkable thermodynamic and kinetic
stability, produced using physical vapor deposition (PVD). Here, we produce stable glasses
of N,N’-Bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD) molecules with a wide range
of stability by vapor deposition onto a gradient of substrate temperatures below the glass
transition temperature, Tg . The thermodynamic stability and relative density of these
films were measured using dilatometry while their kinetic stability was investigated using
a recently developed technique, which combined solvent vapor annealing (SVA) with in
situ spectroscopic ellipsometry (SE). This technique takes advantage of case II transport
process in thin glass films. In case II diffusion, a good solvent (toluene) diffuses through
the glass with a front with a constant velocity that separates the swollen layer (behind the
front) from the as-deposited glass film. in situ SE was used to monitor the speed of the
moving solvent front, which correlates with the molecular relaxation of the glass, through a
power-law relationship, thus providing an indirect measure of the kinetic stability of glasses
deposited at various Tsubs . We demonstrate that at a constant solvent vapor pressure,
the front velocity is approximately ten times slower in the most stable glass (deposited
at Tsubs ≈ 280 K, ∆ρ ≈ 1.5%, Tf − Tg = 25 K) than its value than glasses deposited at
Tsubs = Tg + 5 K (335 K, Tf = Tg , ∆ρ = 0). More interestingly, the relative the speed
of the front differs by up to a factor of 4 for stable glasses with the same density (∆ρ ≈
1.2%) and thermal stability, deposited at high (Tsubs = 300 K) and low (Tsubs = 250 K)
deposition temperatures.This shows that there are two distinct deposition regimes, with
differing scaling exponent and significantly varying kinetic stability. Close to Tg (0.9Tg <
Tsub < Tg ) the PVD glass is both thermodynamically and kinetically stable, while at low
substrate temperatures (Tsub < 0.85Tg while high density glasses are produced, their kinetic
stability is substantially reduced. Our results demonstrates the utility of SVA measurements
in Case II diffusion as a method to evaluate kinetic stability of PVD glasses over a broad
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range of stability, without the need to thermal annealing.

4.2. Introduction
Liquid-quenched glass (LQG) formed by the conventional rapid cooling of a supercooled
liquid, are non-equilibrium system in a meta-stable state. If kept below their glass transition
temperature, Tg , their density can increase over time, as they evolve towards a lower energy
state by the process of physical aging. This process is exponentially slow[81]. Naturally
occurring amber glass, for instance, can take over 20 million years to become approximately
two percent denser than their LQG state[20]. First discovered by Swallen et al. in 2007,
scientists have been able to produce thermodynamically stable glasses as dense or even
denser and than highly aged glasses, by the process of physical vapor deposition (PVD)[11].
These so-called stable glasses (SGs) are directly deposited into a low-energy states that
are otherwise inaccessible via conventional methods. For a wide array of organic molecules
controlling the substrate temperature Tsub and deposition rate during PVD, yields glasses
with a wide range of densities (up to 1.5% higher than the LQG density)[37, 17, 82, 38].
These states are achieved through deposition in a relatively short period of time compared
to aged glasses that require millions of years of aging. These glasses show exceptionally
high kinetic and thermodynamic stability, and impressive mechanical properties for an
amorphous solids[26, 38, 32]. For these reasons, they can be potentially used a wide range
of applications such as pharmaceutical industries[3], organic-electronics[5, 6, 7] and thin
film coatings[8]. and in the past decade, SGs have seen a surge of interests[27, 28].
The thermodynamic stability of bulk SGs has been well studied using techniques such as
dilatometry[31, 32, 41, 34, 36, 14] and nanocalorimetry[33, 30, 83]. The results consistently
show a strong dependence of the SGs density, a measure of the thermodynamic stability,
on the substrate temperature (Tsubs ) during deposition, rate of deposition, intermolecular
interactions, shape of the molecules and their polarity[27, 28] as well as molecular level
flexibility[36]. In contrast, the kinetic stability of SGs are less broadly explored[31, 30].
This is due to the difficulties that arise from the fast that SGs are directly produced into
their stable state from the vapor phase, limiting the range of techniques that can be used.
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The kinetic stability of stable glasses have been primarily measured by monitoring their
thermal transformation kinetics. When as-deposited SGs are heated above Tg , a transformation growth front is typically observed in thin films and nucleation and growth of
transformed glass is seen in thick films (typically h > 1 µm) [31, 32]. In contrast, a LQG
typically transforms homogeneously throughout a film when heated to Tg . SGs, however,
are so dense and stable that they transform only from a region of high mobility, at their free
surface or defects that are microns apart, and they do so when heated 10-15 K above Tg .
The mobile phase propagates through the SG film as a front by the process of kinetic facilitation and the speed of the thermal front gives an indirect measure of the kinetic stability
of the glass. The results showed that the densest SG did not have the slowest kinetics, measured by thermal growth front. Similar results were observed for measurements of growth
front by both spectroscopic ellipsometry (SE) [31, 32] and differential scanning calorimetry
(DSC) techniques[30]. The kinetics of the SGs might be dependent on other factors such as
orientation of the molecules or the mobility of the mobile phase that is propagating through
the film. The studies were somewhat limited because the results were an estimate obtained
by heating above the Tg of the film. Monitoring a thermal front using in situ SE is difficult
experiment to execute. It is difficult to obtain a two or three-layer model when a thermal
front is moving because of the little contrast between the SCL and the untransformed SG’s
refractive index. This may be the reason why in some studies, data for the less dense glasses
was hard to obtain or to even compare the kinetic stability of all SGs using the same heating
temperature or to compare the kinetic stability of a SG, to that of a liquid-quenched (LQ)
glass. Calorimetry measurements had limitations of their own. In addition to heating above
Tg , one had to assume the number of thermal fronts in the system, which was not always
accurate.
In this work, we introduce the method of solvent vapor annealing (SVA) combined with in
situ SE. Solvent annealing is a technique that has been primarily used on blockcopolymers
in order to trigger self-assembly of the chains into regular ordered patterns[53, 84, 85, 86].
Few studies have investigated the uptake of solvents by molecular glass films[43, 67]. These
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uptake measurements occur at low concentrations of the penetrant, where the transport
process of the solvent is driven by a concentration gradient or more commonly known as
a fickian diffusion process[77, 61, 60, 64]. Solvent uptake studies on SGs reported a much
lower uptake of solvent in SGs compared to LQ films but the process was much faster [43].
In both films, the transport process was reported to be concentration driven or fickian in
nature.
This project explores a different transport process in thin films, where the motion of the
penetrant is limited by the relaxation of the medium. This is also known as case II[62,
65, 63]. When the concentration of the penetrant (solvent) is high, it saturates faster than
the medium’s relaxation. As such it limited by the medium’s relatively slower relaxation
and builds up as a front. The solvent front moves as the medium relaxes. In other words,
the speed of the front is limited by medium and it is an indirect estimate of the relative
molecular relaxation of SGs of different kinetic stability.
By taking advantage of this process, the kinetic stability of SGs PVD at different substrate
temperatures (Tsubs ) can be indirectly estimated and compared. In this work, we are solvent
vapor annealing the films with a good solvent like toluene and creating the ideal conditions
for a case II process such that we have a solvent front, analogous to a thermal front, that can
be monitored using in situ SE. The solvent front is easier to model, compared to a thermal
front because of the high contrast in refractive index. The front motion can therefore be
observed even in less dense glasses. That way, we can compare the kinetic stability of the
SGs over a wider range of stability and to that of a LQ glass.

4.3. Methods
4.3.1. Film Preparation
Stable glass (SG) films were prepared by PVD inside a custom-designed vacuum chamber
(See section 2.2 for details). A strip of silicon (100) substrate (64 mm in length, Virginia
Semiconductor, Inc.) was placed between two copper blocks, set at two different temperatures, such that a gradient of substrate temperatures (Tsub ) was produced along the silicon
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wafer. Details of temperature gradient (T -grad) calibration and evaluation can be found
in our earlier publications[14, 36, 17]. N,N’-Bis(3-methylphenyl)-N,N’-diphenylbenzidine
(TPD, Tg = 330±2 K, 99% purity, Millipore Sigma) was vapor deposited on the strip. Vapor
deposition was performed at a constant rate of 0.2 nms−1 under high vacuum (≈ 10−7 Torr)
as described in our previous work[14, 24, 26, 36]. The deposition rate and film thickness
were monitored using quartz crystal microbalance (QCM, Inficon STM-2). Film thicknesses
for samples studied here were set to be (225 ± 10) nm.
For accurate SVA measurements, the T -grad range for each deposition was set to be ∆Tsub =
50 K. This provided a spatial gradient of ≈ 0.8 K/mm. Tsubs values ranged between 248±4 K
to 335 ± 4 K. To cover this two T -grad ranges were selected with slight overlap in Tsub
values. For each range, three depositions were performed (6 total depositions) providing
three separate experiments at each Tsub value and the results were averaged.
4.3.2. SE measurements
Ex Situ SE Measurements
The initial film thickness and refractive index of various points along T -grad samples were
measured using spectroscopic ellipsometry (M-2000V, J. A. Woollam). The raw ellipsometry
angles, Ψ(λ) and ∆(λ) were measured over a wide range of wavelengths (550 nm to 1600 nm)
at three values of the angle of incidence (65 ◦ , 70 ◦ , 75 ◦ ). The TPD layer was modeled as
a transparent Cauchy film (n = A +

B
)
λ2

using the CompleteEASE software (v6.39, J. A.

Woollam), where n is the real index of refraction. The imaginary part of the index of
refraction, K, is set to K = 0 (transparent before, during, and after solvent uptake). The
cauchy layer was to be birefringent (δn = nz − nx,y ̸= 0), with the value of the birefringence
being independent of wavelength (δn = δA). All measurements were performed at 298 K,
before and after the thermal annealing process.
SE mapping along T -grad samples
To measure the values of the film thickness and indices of refraction as a function of Tsub , SE
mapping was performed on a grid. Data points were set 0.2 cm apart in the x (long axis of
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T -grad sample) direction and 0.1 cm apart in the y (short axis) direction (see section 2.3.3
for more details). The values for thickness and index at the same Tsubs or along y-direction,
were averaged. We note that the thickness is not uniform across the entire T -gradient,
because deposition is performed from a point source that was not exactly centered below
the substrate, producing a slight tilt[14]. However, the total variation in the thickness did
not exceed 5% of the total film thickness (±10 nm) which does not significantly affect the
results and the measured values were typical of those previously measured in bulk films
(thicknesses greater than 150 nm)[38, 14, 17].
4.3.3. Thermal Annealing
The as-deposited T -grad films were split in half along their long axis, and one half was
thermally transformed (see section 2.3.2) by heating the samples to 353 K(Tg + 23 K),
where they were kept isothermally for 30 minutes, before cooling down to 298 K. The heating and cooling rates were maintained at 10 K/min, using a temperature-controlled stage
(Linkam THM-SEL350V stage). A copper block (see section 2.2) was used to accommodate for the full length of the temperature gradient (Figure 2.8) and good thermal contact
between the stage and the film was ensured by applying thermal paste (Arctic Silver Ceramic polysynthetic thermal compound) in between the interfaces. Nitrogen gas was purged
above the samples to avoid water condensation or oxidation of the sample upon cooling and
heating respectively. The transformation for all the films were done within one hour of
vapor-deposition.
In situ SE was performed during thermal annealing with an angle of incidence of 70 ◦ , with
a frequency of 1 sec, and zone averaging. The data was fit to the same model as ex situ
experiments. The glass transition temperature (Tg ) of TPD was measured upon cooling
of the transformed SCL. Tg film was measured at the intersection of the glassy line (fitted
in the range of 300 < T /K < 307) and the extrapolated SCL line (fitted in the range of
343 < T /K < 350) and was determined to be Tg = 331 ± 1 K (Figure 4.1).
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Figure 4.1: Thermal annealing of a film of TPD SGs, vapor deposited at a substrate temperature of 298K. The film was heated to 353 K and cooled down to 298 K at a rate of
10K/min. The film was kept isothermal at 353 K for 30 minutes. Upon heating, the film
transforms into a supercooled liquid at the onset temperature, Ton . When the film was
cooled down, it comes out of equilibrium at Tg , measured to be 330 K in this plot.

The thickness of the LQG state (after thermal annealing) was measured on the exact same
point as the initial mapping of as-deposited SG states (as detailed above). During thermal
annealing, the strip was held firmly onto the stage so that there was no change in the
position of the different spots upon measurement. The samples were modeled similar to
as-deposited glasses, but their properties were assumed to be isotropic (δn = 0). The
difference in thickness before and after thermal transformation, corresponds to a density
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change (Figure 4.1)[37, 14, 36] which was calculated using the equation below.

∆ρ = (

hLQ
− 1) × 100
hSG

(4.1)

See section 2.3.2 for more details. Focus probes were used for thermal annealing measurements. Since the beam size of the ellipsometer was ≈ 0.2 mm (with focus probes on), the
error in the substrate temperatures along the T-grad, were less than 1 K, which is smaller
than the error of Tsub determination, typically ±3 K for the range of T -grad selected in this
study.
In Situ SVA Measurements
Solvent vapor annealing (SVA) measurements were conducted using a custom-built apparatus (schematically shown in Figure 2.10) designed to accommodate in situ SE measurements.
More details of the SVA set up can be found in section 2.4 and in our earlier work[53]. In
this work, toluene (99 % purity, Alfa Aesar), a good solvent for TPD, was used for solvent
vapor annealing. The bottom half of T -grad samples were split into smaller pieces for these
measurements (see section 2.3.3).
Two quartz view-ports at 70◦ angle allowed the transmission of the incidence and reflected
SE beams. in situ SE measurements were performed during SVA with an acquisition time of
1 s with zone averaging. To offset the window effects, offset parameters had to be taken into
consideration based on calibration on a standard silicon substrate with a 25 nm thermally
grown oxide number. More details can be found in section 2.4.3. Given the geometry of
the chamber, focus probes were not used for these measurements resulting in a larger beam
footprint, ≈ 3×1mm2 in dimensions. Since the substrate temperature were varied along the
x direction (long axis), SE measurements were performed along the y direction (short axis,
Figure 2.9) such that the width of the ellipsometer beam covers the shortest distance across
the temperature gradient (see Figure 4.2) and the error in temperature of the substrate was
minimized. The error in substrate temperature were ≈ pm2 K.
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Figure 4.2: Schematic diagram of a single wafer with the SE beam spot for SVA measurements. The spot is ≈ 3 × 1mm2 in dimension and the sample was placed such that the
shortest side of the team is along the direction that substrate temperature changes.

SG films were solvent annealed at a fixed vapor pressure of (7.0±0.1) Torr within an hour of
vapor deposition at room temperature (296 ± 1 K).The temperature was not regulated but
fluctuations were less than a degree, which did not significantly affect the vapor pressure.
4.3.4. Modeling solvent uptake during Case II diffusion
The uptake of toluene solvent by TPD films is observed as an increase in the total film
thickness, measured by in situ SE. The change in the total film thickness with time can be
empirically described as 4.2.

∆ht
Mt
=
∝ tm
∆h∞
M∞
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(4.2)

Here it is assumed that the change in film thickness at any given time ∆ht , is proportional
to the toluene mass uptake, Mt . At the chosen solvent vapor pressure in this study, the
thickness change was observed to be linear with time (m = 1, Figure 4.3). This is indicative
of case II diffusion in these films.

Figure 4.3: A SG of TPD, vapor deposited at Tsubs = 298 K, was solvent vapor annealed
at a solvent vapor pressure of 7.0 Torr. The thickness and refractive index of the film was
measured in situ with SE at an angle of 70 ◦ . The logarithmic plot of solvent uptake ratio to
time gives a linear plot (gradient, m ≈ 1). This is experimental validation that the process
is case II according to equation 4.2

To further confirm Case II diffusion, SE data was evaluated as a two-layer model comprising
a dry layer at the bottom and a swollen layer containing the solvent and TPD on top
separated by a front that moves towards the bottom of the film linearly with time (Figure
4.4B). The index of refraction of the dry portion of each SG film (Figure4.4A) was measured
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before SVA and was held constant during in situ experiments. The index of refraction of the
the swollen layer was measured at the end of the experiments when equilibrium conditions
were reached and film thickness variations ended (t∞ ) and was then applied to the top
layer throughout the experiment and was kept constant (Figure4.4C). The in situ was then
refitted into a two-layer model, by keeping the indices of refraction of the swollen and dry
layers fixed, while fitting the thickness of each layer with time. When a two-layer model
is used, the total thickness, the sum of the swollen and dry layers, is consistent with the
values measured assuming one-layer model. As seen in Figure 4.5, the thickness of the
swollen layer increased with time, while that of the dry layer decreased, consistent with a
moving front. Both thicknesses changed linearly with time, indicating a constant velocity of
the front. The velocity of the solvent front was measured using the changes in the swollen
layer thickness (see Figure 4.5). For all the SG films of different stability, modelling the
swelling as a two-layer model was successful at the chosen vapor pressure for these studies.

Figure 4.4: Schematics depicting the motion of the propagating solvent front during an
annealing process analogous to a case II process. The solvent, toluene, penetrates from the
top and moves across the film as a front
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Figure 4.5: Modelling the motion of the solvent front for a Case II process, using spectroscopic ellipsometry. The dry layer (blue) is linearly decreasing with time, as the swollen
layer (green) increases linearly with time. The total thickness (black) is the sum of the
swollen and dry layer. The speed of the solvent front propagating through film is the gradient of the increase in swollen layer.

The mean square error (MSE) of the ellipsometry fitting provides confidence in the assumption of Case II diffusion (two-layer model). Figure 4.6 shows an example of the MSE vs.
time for SVA measurements on a 225 nm SG vapor deposited at Tsubs = 298 ± 3 K. The
MSE is significantly lowered when a two-layer model was used to fit the evolution of the
film thickness compared to the one-layer model, particularly half-way through the transformation when a larger contrast is expected between these two models (Figure 4.6). The
lower MSE for a two-layer model, linear evolution of each film thickness (Figure 4.5) and
the measured value of m = 1 when one-layer model is forced, all provides sufficient evidence

70

that the diffusion process under the chosen conditions, was indeed through case II[59, 65].

Figure 4.6: MSE of a one-layer TPD film (in red) has a higher Mean Square Error overall
compared to the two-layer TPD film, by up to a factor of 4 for the process of solvent vapor
annealing of a TPD SG with toluene. The transport process is case II and therefore a
two-layer model is the best fit as shown by the MSE plot. This is for 225 nm SG of TPD,
vapor deposited at Tsubs = 298 K.

4.4. Results
4.4.1. Thermal Stability and Density
Figure 4.7 shows a plot of density change (∆ρ) measured upon thermal transformation as
a function of the substrate temperature. ∆ρ shows a strong substrate temperature dependence, consistent with previous reports[38, 17]. The highest density values were measured
to be ≈ 1.6% at substrate temperature, Tsubs ≈ 280 K.
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Figure 4.7: Density change of the TPD SG films as a function of substrate temperature.
The films were ≈ 225 nm thick and vapor deposited at a rate of 0.2 nm/s on Si substrate.

Figure 4.8 shows the optical birefringence (δn) of as deposited films, evaluated at a wavelength of λ = 632.8 nm as a function of substrate temperature. The values of nxy and nz can
be found in Figure 4.13 of the SI section, for the entire substrate temperature range. Consistent with previous studies[38], the optical birefringence of TPD SGs are non-monotonic,
showing positive values (nz > nxy ) for Tsubs > 300 K, indicating out of plane orientation
and layering in z direction[34], and negative values at Tsubs < 300 K, indicative of predominantly in-plane reorientation of the molecules at low temperatures. These results agree
with previous XRAY and SE studies of TPD SG films[82, 15].
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Figure 4.8: The birefringence of the SG films, measured by SE as a difference between the
index in the xy and z direction at λ = 632.8 nm, as function of the substrate temperature
during vapor deposition.
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4.4.2. Kinetic Stability and Front Velocity

Figure 4.9: The rate of uptake of toluene by SG films of different stability and the respective
density change as a function of substrate temperature. The rate of uptake does not overlap
with density of the SG films. The minimum for solvent uptake is at a slightly higher
substrate temperature than the highest density films. The solvent uptake follws two regime,
one in the kinetic side and another in the thermodynamic side.
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The speed of the solvent fronts were obtained by calculating the change in the thickness
of the swollen layer, as detailed in the previous section (Figure 4.5). The solvent front’s
velocity is plotted as a function of Tsubs and compared with density change as shown in
Figure 4.9. As seen in this figure, similar to the thermal stability, the kinetic stability
as indirectly measured through the solvent front velocity, also changes monotonically with
Tsub .

4.5. Discussions
4.5.1. Advantages of using solvent fronts to study kinetics
The measurements reported in this work are the first real-time measurement of a moving
solvent front in a molecular glass, as a case II process. The SVA technique offers a way
to measure the kinetics of SG films over a wide range of stability, even for the films vapor
deposited at Tg , which was not possible with previously used techniques. SIMS, being the
first technique to be able to observe the propagation of thermal front through a film is
unfortunately an expensive and a time-consuming experiment [42, 44, 45]. Monitoring the
mobile front, upon thermal annealing, using in situ SE is another technique, used to study
the kinetic stability of SG[31, 32]. This method however was limited only to the highly dense
glasses. The modelling of a front, using a two-layer or three-layer model with the use of SE,
is based on the contrast in refractive index between the mobile layer and the as-deposited
SG layer. In SVA, a high contrast between the solvent annealed or swollen layer and the dry
SG layer is always achieved since the index of the chosen solvent, toluene, is significantly
different from TPD SG (see table 3.3.2). This ensures that the one solvent front can be
observed even for the less dense glasses or even for a LQ glass. Measuring a thermal front
in a LQ glass is not possible since the latter primarily transforms homogeneously upon
thermal annealing[31, 32]. The SVA method allows us to measure the kinetic stability of
glasses over the full deposition range and compare it to a LQ glass over the same landscape.
This technique has many advantages that we fully exploit in this work. The measurements
for the solvent front are done at room temperature (≈ 25 K below Tg ). The films did
not have to be heated above their Tg and risk transformation within the bulk. It is more
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accurate as the as-deposited glass layer, is still in its vitrified phase. For that reason, solvent
annealing can be used for very thick film, in which bulk transformation dominates upon
heating[87]. On the other extreme, the kinetics of ultra-thin films can also be measured,
since the vapor pressure, and therefore the speed of the solvent front, can be tuned to a
measurable scale. This is discussed in the next chapter. Our measurements have shown
that like thermal fronts[87, 31], the solvent front’s speed does not depend on the thickness
of the film. This was covered in Chapter 3 where, the speed of the solvent front in LQ
glasses of different thickness, was the same when the films were solvent annealed at the
same vapor pressure.
4.5.2. Thermodynamic and Kinetic Stability
Using the high throughput vapor deposition technique mentioned above, birefringent SGs
of a wide range of stability were quickly and efficiently produced in one single deposition.
The density change (∆ρ) of the glasses obtained by dilatometry, was measured as a function
of the substrate temperature during deposition, with the densest glass formed at ≈ 280 K
(≈ 0.85Tg ). The density data as well as the birefringence (δn) measurements agree well
with previous work done on TPD[38]. The maxima in density was observed as a result of
the competing thermodynamic and kinetic processes happening during vapor deposition.
Over the range of Tsubs , the SGs produced can be categorized into two regimes, the ”Near
Equilibrium” (thermodynamic regime) and the ”Kinetically Trapped” (kinetic regime). See
Figure 4.10 for an approximate representation of the two regimes.
During the deposition at higher substrate temperatures (thermodynamic regime), the molecules
at the surface are mobile and have enough energy and time to occupy many different basins
or energy levels before they can get buried by another layer of molecules. On the kinetic
regime (lower Tsubs ), the molecules do not have enough energy or time to occupy the lowest
energy state before they are kinetically trapped. The density change of the films deviate
more from the SCL as Tsubs decreases because of the kinetic process during SME starts to
take over.
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The solvent’s front speed is limited by the molecular relaxation of the glassy phase and
therefore, is an indirect way to measure the relative kinetic stability of the different SGs.
From the densest glass (∆ρ ≈ 1.6%) to the ordinary glass (Tsubs > Tg ), the difference
in kinetics is about one order of magnitude, which is similar to difference observed by
differential scanning calorimetry measurements of TPD SGs[30]. Moreover, the slowest
front was not observed for the densest glass. This has also been observed in previous
work on SGs of indomethacin (IMC) or TPD, measured by SE and differential scanning
calorimetry (DSC) [31, 30, 32]. More surprisingly even is that kinetics of the SGs differ
significantly for that SGs with similar densities. It is clear that density alone, does not
define the kinetics of the SGs.
It was expected that a dense glass will have the a slower solvent uptake and from Tsubs =
333 K Tsubs = 300 K (thermodynamic regime) the solvent front’s speed decreases as density
change increases. At colder substrate temperatures (Tsubs = 300 K), the density starts to
deviate from the SCL as the glass becomes more kinetically trapped. For colder temperatures, the kinetics start to drop even at a faster rate compared to the density change of the
SGs. For instance, SGs with the same density change (Tsubs = 295 K and 245 K), differ
in kinetics by a factor of 4 (Figure 4.10). This has crucial importance in pharmaceutical
companies or more specifically in drug processing. Using the key aspects of SGs shown,
it is possible to produce dense pills but with fast kinetics that allow the drugs to dissolve
rapidly in the body.
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Figure 4.10: Left axis (black) is the density change of bulk (≈ 225 nm) TPD SG films upon
thermal annealing as a function of Tsubs . Right axis (red) is the speed of solvent front when
the films were solvent annealed with toluene at a vapor pressure of 8.3 Torr. For colder Tsubs
(blue shade), labelled as the kinetically trapped regime, the front’s speed decrease rapidly
while the density does not change as much. On the thermodynamic side (near equilibrium,
in orange shade), the speed of the front decreases with increasing density.

We have shown that the kinetic stability of the SGs cannot be entirely defined by density
of the film or the packing of the molecules. We can only hypothesized that there are two
regimes that in the formation of SGs; the ”Near Equilibrium” and the ”Kinetically Trapped”
regime. The substrate temperature at which there is a change in regime is not accurately
known. It could be the same as the substrate temperature which yields the highest density
but this cannot be confirmed in this experiment. The speed of the front may be affected by
other factors such as the birefringence of the film.
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4.5.3. The factor affecting the velocity of fronts
In the thermal transformation of SGs, Wolynes discussed the thermal front’s velocity as
a function of both the liquid mobility (swollen layer containing the solvent) and the glass
mobility (dry layer)[81]. The equation 4.3 defines the motion of a thermal front and its
dependence on the system and mobility of the mobile or swollen layer used in previous
studies on thermal front [31, 32, 30, 33].

υ = C · τα

(4.3)

The pre-factor C, which defines the glassy phase of the film during the annealing process,
depends on the substrate temperature and is independent of the value of τ , the relaxation of
the mobile layer. C is claimed to be unaffected by the temperature during annealing process.
The logarithmic plots of growth front speed, υ versus τ at different annealing temperatures,
yields a straight line with a gradient of −0.8 ± 0.1 for IMC SG measurements. τ therefore,
depends strongly on the temperature of the measurements. Higher annealing temperatures
affect the mobility of the SCL or mobile phase as well as the front speed.
In this work, all the films were solvent vapor annealed at only one vapor pressure. The
amount of toluene in the swollen film, relative to the TPD is the same for all the films. We
confirmed this by looking at the index of the mobile layer. The amount of toluene that the
swollen layer contained was estimated using the EMA calculation. For all the films in this
work, the amount of toluene was ≈ 15% in the swollen layer throughout the entirety of the
solvent annealing process. This was also confirmed by the same refractive index, observed
for all the swollen layers. The mobile or swollen layer, being in equilibrium contained the
same amount of solvent. Whilst keeping τ constant in equation 4.3, we are exploring only
the effect of substrate temperature on the kinetics of stable glasses. The density and kinetics
of SG films depend strongly on substrate temperature but how the two are related, is still
not completely well defined based on this work.
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Birefringence, δn, of the films vary with substrate temperature and could potentially play a
role on the speed of the solvent front. From high Tsubs to lower values, the birefringence goes
from positive to negative, with a birefrigence of 0 at Tsubs = 300 K. This is the substrate
temperature at which the speed of the solvent front deviates from a linear behavior. For
δn > 0, at Tsubs > 300 K, the molecules orient predominantly along the z direction. The
layering of the molecules along the z direction also contribute to the positive δn. For
Tsubs < 300 K and δn < 0, the molecules in the films orient only in the xy direction. The
change in orientation of the molecules in the films, does not coincide with the minimum in
solvent front’s speed. This suggests that orientation alone does not govern the kinetics of
the SGs but it could be a contributing factor.
Rodriguez-Tinoco et al. showed the importance of the molecules’ orientation on the front’s
speed for IMC SG[30]. Their work showed how the fictive temperature (Tf ) and orientation
of the molecules affect the thermal front’s speed such that they observed two regimes for the
kinetics of SGs. A similar analysis was performed for the SGs of TPD. The front’s speed was
plotted as a function of Tf (Figure 4.12) and as a function of birefringence (Figure 4.11).
δn was assumed to be 0 for values −0.01 < δn < 0.01. It becomes clear that birefringence
affects the speed of the front. For the negatively birefringent films, we observe a stronger
dependence of the front’s speed on the fictive temperature, compared to the isotropic or
positively birefringent films.
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Figure 4.11: The solvent front’s speed measured during the solvent vapor annealing of bulk
SG films of TPD, as a function of birefringence. The blue shade represents negatively
birefringent films and the orange shade represents positively birefringent or isotropic films.
The films were assumed isotropic for −0.01 < δn < 0.01.
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Figure 4.12: The solvent front’s speed measured during the solvent vapor annealing of bulk
SG films of TPD, as a function of Tf . The points were labeled according to the birefrigence.
δn was assumed to be 0 for values −0.01 < δn < 0.01. It is clear that birefringence affects
the speed of the front, in addition to the fictive temperature of the SGs

In addition to the dependence of front’s speed on fictive temperature, we can confirm that
the front’s speed if also affected by the structural orientation of the molecules in the film.
For molecules oriented in the xy plane, the speed of front has a stronger dependence on
fictive temperature as seen by Rodriguez et al[30]. This however does not explain the sharp
decrease in kinetic stability of the films at colder substrate temperature. In the colder or
kinetically trapped regime, SGs that are highly anistropic (δn < 0), with similar densities
have vastly different kinetic stability. It is unclear as to what contributes to this aspect
of the SGs. Alternatively, we believe the potential existence of a phase transition [14] in
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ultra-thin films that could define the two regimes (”Near Equilibirum” and ”Kinetically
Trapped”) in the formation of bulk SG as thickness increases. Our future work on thickness
dependence measurements can help elucidate the answers to the questions. We will also
focus on annealing at different vapor pressures to look at the effect of orientation and the
mobility of the mobile phase on the front’s speed.

4.6. Summary and Conclusions
We have a new established method for generating a solvent front in SG films by the method
of solvent vapor annealing. Using SE, we were able to monitor the speed of that solvent front,
which can provide an estimate of the kinetics of the SG films over a wide range of substrate
temperature. The films do not have to be heated above their glass transition temperature,
making the study a more accurate measurement of the kinetics of the glassy phase. Using
this technique, it is now possible to study a wider range of glasses’ stability and compare
it to the kinetics in LQ films or thick films, which transform primarily homogeneously. We
were able to study SG films for the entire range of stability and while we can conclusively
say that the packing of the molecules in a film, alone, does not define its kinetic stability.
For films of similar densities, we observed a difference in kinetic stability of up to a factor
of four. This has important applications in the pharmaceutical industry as we are able to
make kinetically fast glasses that have very dense packing. Orientation and the mobility
of the mobile phase play and important affect front’s speed. While the different degrees of
mobility was not investigated in this work, it is believed to affect the front’s speed. We also
report that the structure of the molecules within the glass affects the motion of the front. It
was nevertheless not enough to explain the difference in kinetic stability of films of similar
densities for cold substrate temperatures. Future work on the solvent vapor annealing of SG
at different vapor pressure will hopefully depict the relationship between kinetics, density
and molecular orientation. Another explanation for the peak value in density and minimum
value in kinetics, is that there exists two regimes that originates from the competing kineticthermodynamic process during vapor deposition. Alternatively, this could be the source of
a phase transition that starts from thin films and manifest itself if thicker films as well.
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4.7. Supporting Information

Figure 4.13: The refractive indices along the xy plane, nxy and along the z plane, nz . nz
is higher for Tsub > 300 K, implying that the molecules are predominantly upright. When
Tsub < 300 K, the molecules are predominantly in the plane of the film.

4.7.1. Index of refraction

4.8. Future Work
4.8.1. Role of intramolecular interactions on the stability of SGs
Our recent work have shown the role of intramolecular relaxations on the structure and
stability of vapor-Deposited glasses of αα-A and αα-Phen molecules[36]. The two molecules
(of same molecular weight) differ by the barrier of rotation of the A and Phen group around
the central benzene atom. They are custom-designed molecules made by our collaborator,
the Walsh’s group at the University of Pennsylvania[17]. The synthesis of these molecules is
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Substrate Temperature (K)
333
325
317
309
301
294
287
283
298
288
280
272
265
258
251
248

A
1.653
1.654
1.652
1.653
1.661
1.667
1.674
1.677
1.667
1.672
1.678
1.682
1.684
1.687
1.686
1.686

B
0.02581
0.02486
0.02551
0.02473
0.02604
0.02496
0.02545
0.02507
0.02545
0.02581
0.02610
0.02564
0.02625
0.02787
0.02670
0.02650

dZA
-0.00831
-0.00656
0.00414
0.01419
-0.00366
-0.01618
-0.03679
-0.04527
-0.02171
-0.03508
-0.05190
-0.06233
-0.07281
-0.08551
-0.08465
-0.08558

Table 4.1: Values of the Cauchy Parameters A and B for TPD SG of 225 nm measured at
λ = 632.8 nm that was used to fit the SG film layers in a two-layer model
Material
SVA Layer
Toluene

A
1.641 ± 0.001
1.475

B
0.02380 ± 0.00073
0.00700

dZA
-0.00601 ± 0.00164
n/a

Table 4.2: Values of the Cauchy Parameters A and B for Toluene and also for a solvent
annealed TPD film measured at λ = 632.8 nm which was used to fit the swollen layer in
the two-layer model.
a long two-step process, with a low yield percent[37, 88]. It is therefore not ideal. Recently,
we started exploring analogues of ADN molecules, AAA and APhenPhen (Figure 4.14)
that shows an even bigger difference in their respective barriers of rotation around the main
central anthracene part of the molecule (Figure 4.15). These molecules can be synthesized
in a one-step reaction, with a relatively higher yield and purity. The synthesis step is
described in Figure 4.16.
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Figure 4.14: AAA and AphenPhen molecules. The diagram show the dihedral angles that
was changed to observe the change in energy of the molecule.

The barrier’s energy difference was simulated with Density Functional Theory (DFT)[89]
calculations on SAS Computing’s shared HPC cluster[90] using the WebMO platform. A
geometry optimization as first done on the molecules, using B3LYP and 3-21G basis set.
The molecule can be considered as three parts, the central anthracene molecule and the
two side branches. The resulting geometries of the calculation showed all three parts of the
molecule lie in a plahne. The plane of the side groups are orthogonal to the plane of the
central anathracene molecule (Figure 4.14). Since the molecule is symmetrical, one of the
molecules side chain was rotated about the dihedral angle (C17-C12-C11-C10), shown in
orange. The rotation was done in 9 steps from −90o to 90o . B3LYP and 3021G* basis set
was used for the calculation in a vacuum phase.
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Figure 4.15: DFT calculation of the dihedral energy (DE) barrier for intramolecular rotation
in the AAA and APhenPhen molecules. The calculation was done using B3LYP and 3021G*
basis set for a free standing molecule.

The barrier of rotation or dihedral energy (DE) for the AAA is twice as much for that
of APhenPhen. That means that the intramolecular relaxation of AAA is a slower than
that for its other structural isomer, APhenPhen. The rate dependence, substrate temperature dependence and thickness dependence measurements on these two molecules can help
elucidate the role of kinetics in the formation of SG.
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Figure 4.16: Synthesis route of butterfly
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CHAPTER 5 : Probing the Existence of Low-Temperature Phase Transitions in
Stable Glass Thin Films Through Solvent Vapor Annealing
5.1. Abstract
Ultra thin films of TPD (20 nm to 100 nm), were vapor deposited over a gradient of
substrate temperatures (Tsub ) to form glasses, with a wide range of stability. The effect of
film thickness on the thermodynamic and kinetic stability of these films were studied using
dilatometry and solvent vapor annealing combined with in situ spectroscopic ellipsometry,
respectively. We demonstrate that ultra-thin vapor-deposited films have higher densities
than their corresponding bulk supercooled liquid (SCL) values, i.e. ordinary SCL. For
thin films (h < 60 nm), dependence of as-deposited film density on Tsub is observed to
be non-monotonic and the properties follow a new apparent SCL line when deposition is
performed below Tsub = 300 K. This new apparent phase, termed low-temperature SCL
(LT-SCL) shows a liquid-liquid transition temperature (TLL ) at a deposition temperature
of TLL = 310 K, with a broad 20 K range where properties are non-monotonic and vary
from the ordinary SCL to that of the LT-SCL. Measurements of kinetic stability, performed
using solvent vapor annealing also show a sudden decrease in the velocity of the solvent
diffusion front at TLL , where films of the same density above and below the transition show
a factor of 8 difference in their solvent uptake velocity. These measurements demonstrate the
increased kinetic stability of the LT-SCL glass films. However, as the deposition temperature
is decreased further below TLL , the kinetic stability is also seen to decrease, despite the
significant increase in film density, suggesting the metastable nature of the LT-SCL phase.

5.2. Introduction
Surface-mediated equilibration (SME) provide a pathway to produce stable glasses during
physical vapor deposition (PVD). Enhanced surface mobility during PVD provides access to
low-energy states that are not otherwise accessible by the conventional fast cooling of bulk
glasses[11]. Under steady-state deposition conditions, PVD produces thick stable glasses
(SGs) with exceptionally high thermodynamic and kinetic stability, that are representative
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of highly aged bulk glasses. The thermodynamic stability of SGs are typically measured
through increased density or decreased enthalpy of the vapor deposited films compared
to their liquid-quenched glass (LQG) counterparts[11, 27]. For a typical bulk molecular
glass such as N,N’-Bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD), the maximum density change with respect to LQG, is typically ∼ 1.5% at ≈ 0.85Tg , where Tg is the glass
transition temperature. This degree of density/stability increase cannot be achieved by the
physical aging in laboratory timescales, because the process can be exponentially slow[81].
Furthermore, close Tg , the degree of density increase through physical aging is limited by
the corresponding value of the SCL state. At lower temperatures, while there is larger
thermodynamical driving force for aging, exponentially slower relaxation dynamics limit
physical aging. As such, a density increase of 1.5% can take millions of aging well below
Tg [20].
In bulk glasses, the extrapolated density of the SCL is the limiting value of density, unless
a hidden phase transaction exists at low temperatures. In thick PVD glasses, despite the
large improvement in their density and thermodynamic stability, a violation of this rule has
not been observed to the best of our knowledge. Ediger et al. have demonstrated nearequilibrium bulk properties for glasses deposited close to their Kauzmann temperature,
while following the corresponding SCL state properties[2].
However, in a recent study, Jin et al. [14] demonstrated that further surface mobility
enhancement in thin films, can provide access to unique meta-stable glass states at low
deposition temperatures in thin films, that have higher density than their corresponding
extrapolated SCL states. In TPD, glasses deposited below Tsub < 300 K with a thickness
of h < 60 nm, can have density increases as high as ∆ρ ≈ 8%[14]. The density of these
glasses follows a different apparent asymptotic property, that we term as low-temperature
supercooled liquid (LT-SCL) in this work. Kukijiro et al. also demonstrated exceptionally
high indices of refraction in the vapor deposited films of ethylbenzene (h< 60 nm) that
exceeded their corresponding SCL values[40].
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The refractive index of transparent films are indirect measures of film density, thus making
these findings consistent with the results reported by Jin et al..
Differences in the relaxation was also observed as the thickness of the LQ films was decreased
[19]. In a bulk films, the activation energy is lower and surface relaxation is typically a couple
of decades faster than that of the bulk film, below Tg . For thinner films, the free surface and
substrate interface plays a bigger role in the properties of the film. As thickness decreases,
a gradient of relaxation is observed across the film, vapor deposited at Tg or higher. This
was based on the increased gap or width of the glass transition (T+ − T− )[19], up to a point
where the film behaves as a liquid, with relaxation similar in magnitude to that of a free
surface. This happens in the thermodynamic region or at higher substrate temperatures.
The films’ surfaces are more rough as well as shown by the AFM images of Jin et al.[14]. As
the substrate temperature decreases to the kinetic region, the films become smooth and the
density increases as relaxation decreases. It is suspected that a liquid-liquid transition exists
that can account for the sudden drastic change in the relaxation and the violation of the
SCL line in the thin film regime. This sharp transition was also observed in the activation
energies of the film as thickness decreases, and it was measured by cooling rate-dependent
Tg measurements[19].
In order to study this anomaly happening in PVD thin films, the thermodynamic and kinetic
stability is investigated in this work. Thermodynamic stability is measured as density
change of the PVD films and their relative increase in index of refraction compared to
their LQ counterpart, as a function of substrate deposition temperature. Kinetic stability
is investigated by using solvent uptake measurements, introduced in chapter 3 and 4. The
solvent vapor annealing (SVA) was optimized for thin PVD films of TPD such that a case
II process is observed in the film. The linear uptake of the solvent which signifies a moving
solvent front across the film, is limited by the relaxation of the glass and therefore used a
measure of the kinetic stability of the glass. We will show a drastic change, not only in the
density or index of refraction but also, in the relaxation of the vapor deposited thin films

92

within a specific range of substrate temperatures, where an apparent liquid-liquid transition
(LLT) is observed between the LT-SCL and the ordinary SCL.

5.3. Methods
5.3.1. Film Preparation
Thin films were prepared by Physical Vapor Deposition (PVD) inside a contamination-free
or oil-free, custom-designed vacuum chamber (See section 2.2). A strip (2.5 cm × 6.4 cm) of
silicon (100) substrate (Virginia Semiconductor, Inc.) was placed between two copper block,
set at two temperatures such that a gradient of temperature was produced along the silicon wafer. N,N’-Bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD, 99% purity, Millipore
Sigma) was vapor deposited on the strip. The full range of substrate temperature (Tsubs )
studied in this work is from 288 K to 337 K(Tg + 7 K). The deposition was performed at
a rate of 0.02 nms−1 , under high vacuum (≈ 10−7 Torr) as described in chapter 3 and 4,
and also in our previous works[14, 26, 17, 36]. The deposition rate and film thickness was
monitored using quartz crystal microbalance (QCM, Inficon STM-2). When the deposition
was completed, the cold end was allowed to reach ≈ 283 K before heating it to 298 K. The
hot end was cooled down using nitrogen flow to 298 K before the samples were removed
from ultra-high vacuum conditions.
5.3.2. Thermal Annealing
The as-deposited temperature gradient films were split in half and the top half was thermally
transformed (see section 2.3.2 and 2.3.3) by heating to 353 K(Tg + 23 K), where they were
kept isothermal for 15 minutes, before cooling back down to 298 K. The heating and cooling
was rates were maintained at 10 K/min, using a temperature-controlled stage (Linkam
THM-SEL350V stage). A copper block (see section 2.2)was used to accommodate for the
full length of the temperature gradient and good thermal contact between the stage and the
film was ensured by applying thermal paste (Arctic Silver Ceramic polysynthetic thermal
compound) in between the interfaces. Nitrogen gas was purged above the samples to avoid
water condensation or decomposition of the sample upon heating.
The transformation for all the films were done within one hour of vapor-deposition. The
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thickness was measured by SE (see section below) at 298 K using five angles (55 ◦ to 75 ◦ in
increments of 5 ◦ ) before and after the transformation process. The difference in thickness
corresponds to a density change[37, 14, 36, 26]. See section 2.3.2 for more details.
5.3.3. Solvent Vapor Annealing
Solvent vapor annealing (SVA) measurements were conducted using a custom built apparatus (schematically shown in Figure 2.10) designed to accommodate in situ SE measurements.
More details of the SVA set up can be found in section 2.4 and in our earlier work[53]. In
this work, toluene (99 % purity, Alfa Aesar), a good solvent for TPD was used for solvent vapor annealing. The bottom half of the temperature gradient samples were split into
smaller pieces for SVA measurements (see section 2.3.3).
The PVD films were solvent annealed at a fixed vapor pressure of (7.0 ± 0.1) Torr within an
hour of vapor deposition at room temperature (296 K). The temperature was not regulated
but monitored because the fluctuations were less than half a degree which did not affect
the vapor pressure enough to cause any significant change in the annealing process.
5.3.4. In Situ Spectroscopic Ellipsometry
The film thickness and refractive index were measured using in situ spectroscopic ellipsometry (M-2000V, J. A. Woollam) during SVA and thermal annealing processes. The
raw ellipsometry angles, Ψ(λ) and ∆(λ) were measured over a wide range of wavelengths
(550 nm ¡Λ¡ 1600 nm). The PVD films were modelled as a Cauchy layer (n = A + λB2 ) using
the software CompleteEASE v6.39 (by J. A. Woollam). n is the real part of the index of
refraction. The imaginary part of the index of refraction (K), is 0 because the films (before
or after solvent uptake) were transparent and there were no apparent absorption within the
wavelength range used (equation 5.1). SVA measurements were done at an angle of 70 ◦ ,
with a fast data acquisition time of 1s and zone averaging. For the SVA measurements,
the delta offset parameters had to be taken into consideration since the ellipsometer beam
travelled through the two quartz windows of the swelling chamber. See section 2.4.3 for
more information.
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Isotropic versus Anisotropic fitting
Films with thicknesses of 40 nm and thinner were fitted to an isotropic cauchy model and
films with thicknesses of 50 nm or thicker were fitted to an anisotropic model (see equation
5.2). The birefringence (δn) of the anisotropic films, was measured as a difference between
the indices in plane (xy) and out of plane (z) (equation 5.2).

n(λ) = A +

B
, k(λ) = 0
λ2

δn(λ) = nz − nxy = Az − Axy

(5.1)

(5.2)

In order to compare the value of the index of refraction of the isotropic films to the average
index of the anisotropic films, nz and nxy were averaged using the equation below.

s
< nani >=

n2z − 2 · n2xy
3

(5.3)

The ellipsometery data modelling play a big role in the values of thickness and index measured. In this work, we were careful to fit only the parameters that was affecting the MSE
significantly, to avoid the risk of over parameterization that could affect index and thickness
values. For films ≥ 50 nm, an isotropic fit was not appropriate for the birefringent films.
The MSE changes drastically with small change in the values of δn (see equation 5.2)[38].
Thinner films were ideally fitted in an isotropic model. The threshold for the fitting model
suggest a change in molecular rearrangement is happening beyond the 40 nm mark.
Measuring the density change of PVD films upon thermal annealing & Mapping
SE measurements of the PVD films were taken at different points along the temperature
gradient (T-grad). The points were set at 0.2 cm apart in the x direction and 0.1 cm apart
in the y direction (see section 2.3.3). The number of points on the T-grad was maximised
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and it varied according to the length and width of the strip. The thickness of the LQ films
(after transformation) were measured in the exact same point as the SG film. The strip was
held firmly onto the stage so that there was no change in the position of the different spots
upon measurement. The increase in thickness upon thermal transformation of PVD films
to the LQ state, corresponds to a density change of the films. This is calculated from the
thickness of the LQ film, hLQ and the thickess of the SG film, hSG as shown in the equation
5.4 below.

∆ρ = (

hLQ
− 1) × 100
hSG

(5.4)

See section 2.3.2 for more details. For small density changes, the change in thickness upon
thermal annealing, is as low as ≈ 0.5 nm. To ensure the accuracy of the measurements, 5
angles on the ellipsometry were used to perform the measurements and the net thickness
change reported was an average value of the measurements. The ellipsometry paramaters
were also fitted from a starting position and not as subsequent measurements to ensure the
modelling on the CompleteEase software was not stuck in a local minima when fitting the
data in a model. The density change of the films, vapor deposited at different Tsubs , was
plotted as function of substrate temperature during deposition as shown in Figure 4.7.

5.4. Results & Discussion
5.4.1. PVD films with densities higher than the SCL line
The density change of the films were measured by dilatometry and plotted as as function of
substrate temperature, Tsubs (Figure 5.1). The results agree well with our previous work[14].
Similar to bulk films, the density change of thin films have a strong substrate temperature
dependence. However, they have a much higher density at low Tsubs , which exceeds that
of the SCL (theoretical limit in the absence of a phase transition) for films thinner than
70 nm. Only the density of the 225 nm and the 93 nm films did not exceed that of the
ordinary SCL. Intriguingly, for 300 < Tsub /K< 320, the ∆ρ for the thinnest films (≤ 40 nm)
changes non-monotically. The films have low densities in that specific range of substrate
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temperatures.

Figure 5.1: The density change of thin films of different thicknesses, as a function of substrate temperature. The dashed line represent the supercooled liquid line of a bulk (225 nm)
film. The PVD films with thicknesses of 40 nm and thinner have relatively lower density
(∆ρ < 0) for a short range of Tsub . For Tsub < 290 K, the density of the thin films is higher
than that of the bulk SCL, to form a new LT-SCL

The index can be used as a measure of the density of the film[14]. The index of the film
measured at a wavelength of 632.8 nm, followed a non-monotonic behavior for thinner films
as it changes with substrate temperature (Figure 5.2). The index data showed that 93 nm
film behave more like bulk and similar to the 60 nm and 70 nm films. It agrees closely
with the density data showed in Figure 5.1. Based on previous work, index changes with
thickness and to see the substrate temperature effect, the index of the LQ films, nLQ was
subtracted from its respective SG index, nSG . In the plot of (nSG − nLQ ) versus substrate
temperature (Figure 5.3), the non-monotonic trend was observed for the thinner films as
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well. This data agrees well with the density data showed in Figure 5.1.

Figure 5.2: The refractive index of the vapor deposited films, measured at 632.8 nm, as a
function of substrate temperature. The index of the films fitted in an anisotropic model
were obtained by averaging the index in the xy and z plane using equation 5.3. The index
follows a non-monotonic trend with a minimum value at Ts ub = 308 K
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Figure 5.3: The difference between index (measured at 632.8 nm) of a SG and that of the
LQ counterpart at different substrate temperature. The difference becomes negative for
films of 40 nm or thinner. The difference in index follows a non-monotonic trend with a
minimum value at Ts ub = 308 K.

The films were annealed at the same solvent vapor pressure and the rate of solvent uptake
was measured as a function of substrate temperature (Figure ??). A two-layer model could
not be produced for these short time swelling because the film was too thin to obtain reliable
SE data to fit two layers. The solvent penetrates the film in a case II mechanism with was
determined based on the linear relationship of solvent uptake with time. The rate of solvent
uptake, Ṙs is limited by the relaxation of the film in a case II transport process.
The non-monotonic behavior in index of refraction and density of the thin PVD films
occurs within a narrow range of substrate temperature. Within the same range of Tsubs ,
we observe a sharp increase of almost one order of magnitude in the kinetic stability of the
films, measured by the rate of solvent uptake (Figure ??). In Figure ??, we show the rate
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of solvent uptake for a 40 nm film only to put emphasis on the drastic change but similar
trends were for the thin films of 20 nm to 70 nm. It is intriguing as the non-monotonic
change in index of refraction or density with changing Tsubs was observed in thin films of
20-40 nm. These films were fitted to an isotropic model but even fitted to an anisotropic
model, the non-monotonic change in index or density is persistent in those films.

Figure 5.4: The overlap plot for rate of solvent uptake and density change of 40 nm SG
films of TPD, as function of substrate temperature. The density change of the violates the
SCL at Tsubs ≈ 295 K and instead follows another line, marked as the HD-SCL in blue on
the graph. A sharp transition in the solvent uptake, and therefore relaxation of the glass
in the same region where the density moves from one SCL to the HD-SCL

Previous work from Zhang et al. have reported the fast kinetics of thin films vapor deposited
at Tg or higher temperatures[18]. The fast mobility of the molecules in the glass at high
substrate temperatures can explain the fast uptake of the solvent for Tsubs > 315 K. The fast
mobility and therefore low activation energy of the molecules in thin films could possibly
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allow them to transition to a new phase at colder Tsubs K, which is observed in the drastic
change in kinetic stability of the films at Tsubs = 310 K. The roughness of the thin vapor
deposited films are rough at high Tsubs [14], which is a result of fast mobility and a high drive
for the film to dewet. For colder substrate temperatures, the thin PVD films are observed
to be smooth (Figure 5.5)[14]. This is because at colder temperatures (Tsubs < 305 K) the
films are already into the new phase, and have high kinetic and thermodynamic stability.

Figure 5.5: AFM images of 40 nm vapor deposited films of TPD. The substrate temperatures
from A-F increases from 280 K to 330 K. The rough surface of the films is observed for high
substrate temperatures, indicating a fast mobility

Within the approximate range of 300 < Tsubs /K< 320, the films potentially coexist as
two distinct phases, as the transition from high Tsubs to the LT-SCL phase. As the film
transition to the LT-SCL phase, the density changes non-monotically. More importantly,
the PVD film of 40 nm has similar densities at Tsubs = 300 K and Tsubs = 320 K but the
difference in kinetic stability is close to one order in magnitude. This is concrete proof
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that a liquid-liquid transition exists in thin films and it happens within a specific range of
substrate temperatures.

5.5. Summary and Conclusions
In this work, we measure the thickness dependence on the stability of vapor deposited
films. The thermodynamic stability and kinetic stability of thin PVD films were measured
by dilatomery and solvent uptake measurements with in situ SE. We have shown that
for thin films of thickness (≤ 40 nm), both the index of refraction and density changes
non-monotically for a short range of substrate temperature. Within that same transition
region, the kinetic stability of the vapor deposited glass changes significantly by almost
an order of magnitude. This could be the result of a liquid-liquid transition happening at
high temperatures. The thin vapor deposited films have high mobility at high substrate
temperatures, which is observed by the dewetting or rough surfaces of the films. We conclude
that the high mobility and low activation energy of the molecules allow them to access new
phases at such substrate temperatures. For the increase in thickness from 40 to 50 nm, there
is a structural rearrangement happening within the film that forced a change in the fitting
of the film from an isotropic to anisotropic model. It is unclear why this happens but future
in situ GIWAXS and SE measurements during PVD should provide some clarifications.
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